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Shallow foundations are commonly not suitable to support the load of heavy structures 
such as tall buildings or bridges because the resulting contact pressures far exceeds the allowable 
pressure of the near-surface soils leading to bearing capacity failure or excessive settlements. 
Therefore, deep foundations are normally used to support heavy structures where loads are 
transferred to the more competent strata. Drilled shaft foundations are among the most 
commonly used types of deep foundations. Drilled shafts are often socketed into soft rock 
formations between near-surface residual soils and the unweathered bedrock that is commonly 
encountered at greater depths. Socketing drilled shaft foundations into soft rocks has increased in 
the recent years because it leads to safer and more economical designs. Therefore, a better 
understanding of the axial behavior of drilled shafts in soft rock is necessary. 
Field evidence is collected for study of the axial resistance and deformational properties 
of rock sockets in soft rock masses. These include six databases: i) back-calculated side and tip 
resistances from axial load tests on drilled shafts and back-calculated base resistances from plate 
load tests, all in soft rocks, ii) a database for shear strength and deformational properties of 
rock/concrete interfaces that are tested in the laboratory, iii) a database for in situ shear strength 
and deformational properties of soft rock masses, iv) a database for near-surface measurements 
of in situ horizontal stresses in soft rock masses, v) a database for the mode of failure for side 
and tip of drilled shafts in soft rock, and vi) a database of measured in situ values of socket wall 
roughness height. 
A predictive model is proposed for the peak shear strength for the side resistance of 
drilled shafts in soft rock. The back-calculated shear stress-shear displacement (t-z) relationships 
ii
 
from drilled shaft load tests are used to develop a framework for prediction of t-z relationships 
for rock sockets in soft rock masses. The tip resistance database is used to develop design 
equations for prediction of the yield and fracture initiation pressures and a framework for 
prediction of the tip pressure-displacement (q-z) behavior of rock sockets in soft rocks. 
A probabilistic Limit State Design (LSD) framework is adopted. Two limit states are 
evaluated, namely axial resistance (strength limit state) and settlement (serviceability limit state). 
The theory of probability is used to calibrate the Load and Resistance Factor Design (LRFD) 
resistance factors for the proposed models for prediction of peak side resistance and the fracture 
initiation pressure. The strength limit state may be evaluated using the proposed design equations 
(peak shear strength and fracture initiation pressure) and the corresponding LRFD resistance 
factors. The serviceability limit state is assessed using the proposed q-z and t-z relationships in 
combination with the load-transfer approach and tolerable values of settlement from the 
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“A foundation is used to transmit the load of the structure to the natural ground” 
(Terzaghi et al., 1996). The transfer of load from foundation to natural ground should be in a 
manner that it does not compromise the safety, service and the aesthetics of the structure that it 
supports (Long, 2011). Therefore, the foundation engineer should be knowledgeable about the 
available foundation options, their advantages and disadvantages and the situations where each 
foundation type can be used. Different types of foundations include spread footings, mat 
foundations, driven piles and drilled shafts (Peck et al., 1974; Terzaghi et al., 1996; Brown et al., 
2010). These foundation types and their applications are summarized in Table 1.1. Table 1.1 is 
developed based on the review of published literature. A concise overview of the available 
foundation types is provided by Long (2011) that is reproduced below: 
 
1. “Shallow isolated spread footings are commonly used for support of column loads when 
near-surface soil is sufficiently strong to prevent bearing capacity failure and excessive 
settlements. 
2. Shallow strip foundations are used for support of load-bearing walls such as retaining 
walls and basement walls. 
3. Shallow mat and raft foundations are two-dimensional units that are used for support of 
building and storage facility loads. 
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4. Deep foundations are long structural inclusions that are used for support of large column 
or building loads when bearing-layer is not close to the ground surface. These include 
driven piles and drilled cast in situ shafts (drilled shafts).” 
 
Shallow and deep foundations are commonly distinguished based on the normalized 
foundation depth, D/B, where B is the width of the foundation and the depth of the foundation 
(D) is defined as the “vertical distance between the base of the foundation and the ground 
surface” (Peck et al., 1974, Terzaghi et al., 1996; Reese et al., 2006). A shallow foundation is 
characterized with a D/B of 0.25 to 1 while in deep foundations, D/B usually exceeds 3 and can 
become as large as 20 (Terzaghi et al., 1996; Coduto, 2001; Reese et al., 2006; drilled shaft load 
test database in Chapter 3) or greater. If the stratum with suitable characteristics for supporting of 
structural loads is located at relatively shallow depths, a shallow foundation is typically used 
(Terzaghi et al., 1996). If, on the other hand, the upper strata are too weak (e.g., structures on 
uncompacted fills) and are prone to scour (e.g., bridge piers) or if the foundation is anticipated to 
carry large uplift loads (e.g., as in foundations of transmission line towers) or large lateral loads 
(as in foundations used for bridge piers), then a deep foundation is typically the best foundation 
solution (Reese et al., 2006) for restricting the foundation movements to tolerable limits (Cem 
and Kirkit, 2012) and for providing the required bearing capacity to prevent the collapse of the 
structure. 
The loads of bridges, storage facilities and tall buildings are typically large and the near-
surface geomaterials are typically compressible enough that the use of deep foundations is 
usually justified. A concise list of the advantages of the deep foundations is obtained from the 
literature and is summarized in Table 1.1. According to the published literature (e.g., Coduto, 
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2001; Long, 2011), deep foundations also have some limitations that include “i) the factors 
affecting the components of resistance (i.e., side and end resistance) are not well understood, ii) 
broken or defective parts of deep foundations cannot easily be detected, iii) drilling and or 
driving activities may cause settlement and/or heave of the adjacent structures and iv) aggressive 
soil and environmental conditions may be detrimental to the foundation.” 
Two of the most commonly used types of deep foundations are driven piles and drilled 
shafts. The construction methods for these foundations are different and they behave differently 
under service loads. Therefore, different methods are required for their design and performance 
evaluation. Driven piles in soil and rock are outside the scope of this study and will not be 
discussed any further. The ease of construction and the relatively low cost required to achieve a 
desired axial and flexural capacity often make drilled shafts a preference for deep foundations 
when they are needed. Drilled shafts have been used as early as 1869 in the United States to 
support bridge piers (McCullough, 1972). Drilled shafts with diameters between 0.91 m to 3.66 
m (3 to 12 feet) and depths of up to 91 m (300 feet) are reported in the literature (e.g., Brown et 
al., 2010). Drilled shafts are often placed on or into bedrock to increase their resistance to axial 
loads, to increase their axial stiffness and resistance to scour. The portion of a drilled shaft that is 
embedded into bedrock forms a “rock socket” (see Figure 1.1). Rock sockets are typically 
constructed by excavating a hole in the bedrock using a flight auger or by similar excavation 
equipments. A reinforcing cage is then placed in the hole and the hole is filled with concrete. The 
construction methods for drilled shafts have been discussed by others (e.g., Reese and O’Neill, 
1988; O’Neill and Reese, 1999; Reese et al., 2006; Turner et al., 2006; Brown et al., 2010) and 
will not be repeated herein. Rock sockets can range between 305 mm to 1.22 m (12 to more than 
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48 inches) in diameter and 0.55 m to 12.2 m (1.8 to 40 feet) in length (Horvath and Kenney, 
1979; drilled shaft databases reported in Appendices A and B). 
The upper zone of any rock formations that often hosts the rock sockets exhibits different 
mechanical properties than that of the deeper strata. These different rock properties result from 
erosion of overburden by running water, glaciers and wind (Goodman, 1993), decease in the 
effective stress, swelling and subsequent softening (Mesri and Shahien, 2003) of the rock mass. 
Once the rock is exposed due to erosion, chemical agents and physical processes will alter the 
original structure and fabric of the rock mass into a medium of weathered material that does not 
behave like soil nor like competent rock. The engineering properties of geomaterials in the 
weathered zone, that are of interest to the foundation engineer, are highly variable (Goodman, 
1993) and change rapidly in all directions and are greatly affected by the secondary structure of 
the rock mass namely fissures and joints. These properties are hard to quantify due to difficulties 
in sampling of the weathered and fissured materials found in this zone. A typical weathering 
profile is shown in Figure 1.2. The current practice is, therefore, to extend the drilled shaft to 
more competent rock strata not because the upper more weathered layers are necessarily 
incapable of supporting the load but primarily due to the lack of knowledge of the behavior of 
drilled shafts in the weathered rock formations. Rock sockets that are excavated in the more 
competent bedrock are commonly more difficult and costly to construct and their installation is 
more time consuming due to the fresh and strong nature of the rock. 
Weathered and softened zones in rock formations are very common. They are 
encountered in almost every project where drilled shafts are being installed, especially in the 
humid and tropical climates where weathering penetrates to deeper layers. Most drilled shafts 
that are used to provide support for transportation infrastructure (e.g., bridges) and similar 
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structures are either placed in the weathered portion or they interact with the weathered zone 
over a substantial portion of their length. Therefore, a good understanding of the behavior of 
drilled shafts in soft and weathered rocks is of utmost importance to the successful design, 
construction and performance of these structures. The objective of this research is to study in 
more detail the rock properties in the weathered zone and to gain better understanding of the 
interaction of the drilled shaft with these materials. This report proposes a limit state design 
procedure for assessment of strength and serviceability limit states of drilled shafts in soft and 
weathered sedimentary rock. 
Mesri and colleagues (Cepeda-Diaz, 1987) indicated that the unconfined compressive 
strength of rock specimens is a measure of the degree of induration (and thus extent of 
weathering) of the rock and thus may be used to distinguish, quantitatively, between soft and 
hard rocks. Different investigators have proposed different definitions for soft rock. Deere and 
Miller (1966), Barton et al. (1978) and Kanji (2014) provided a definition for the soft rocks that 
covers a narrow range of weathering conditions and is yet appealing to the design of rock 
socketed drilled shafts because the weathered material encountered in many drilled shaft projects 
reviewed by the Author can be described using the definition proposed by above researchers. 
Accordingly, any weathered rock with an unconfined compressive strength of less than 30 MPa 
(Deere and Miller, 1966; Barton et al., 1978; Rowe and Armitage, 1987; Cepeda-Diaz, 1987; 
Kanji, 2014) is considered a soft rock by these investigators. Behavior of soft rocks is, however, 
affected by the presence of the secondary structures such as fissures and joints. Therefore, the 
definition of soft rock must also reflect the properties of the secondary structure. For this 
purpose, we use the Geological Strength Index (GSI) (Brown and Hoek, 1997) which represents 
the degree of blockiness of the rock mass and the alteration and weathering of the rock joints. 
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Soft rocks are often associated with a GSI of less than 70. Therefore, soft rock is defined herein 
as any weathered rock mass with an unconfined compressive strength (qu) for rock specimens of 
less than or equal to 30 MPa (Cepeda-Diaz, 1987) and a GSI of less than 70. 
 
1.2 Limitations of Current Practice and Motivation 
Rock sockets have been traditionally designed using empirical methods (e.g., Teng, 1962; 
Coates, 1967; Rosenberg and Journeaux, 1976; Horvath and Kenney, 1979; Meigh and Wolski, 
1979; Williams, 1980; Reynolds and Kaderabek, 1980; Gupton and Logan, 1984; Rowe and 
Armitage, 1987; Carter and Kulhawy, 1988; Toh et al., 1989; Kulhawy and Phoon, 1993; Zhang 
and Einstein, 1998; Miller, 2003; Abu-Hejleh et al., 2003) or theoretical methods (e.g., Lam, 
1983; Haberfield, 1987; Lam and Johnston, 1989; Kodikara, 1989; Seidel, 1993; Hassan, 1994; 
Collingwood, 2000). In spite of significant research on the behavior of rock sockets (e.g., 
Bishnoi, 1968; Williams, 1980; Horvath, 1982; Seidel, 1993; Hassan, 1994; Phoon, 1995; Zhang 
and Einstein, 1998; Prakoso, 2002; Miller, 2003; Abu-Hejleh et al., 2003; Nam, 2004; Kulhawy 
et al., 2005; Kulhawy and Prakoso, 2007; Stark et al., 2013), less attention has been paid to the 
axial behavior of drilled shafts in soft rock. 
O’Neill et al. (1996) introduced the term cohesive “Intermediate Geomaterials” (IGMs) 
to distinguish weathered and altered rock masses from soil and intact rock. According to the 
original definition (i.e., O’Neill et al., 1996), the unconfined compressive strength (qu) of 
cohesive IGMs ranges from 0.5 to 5 MPa. Following the work of O’Neill et al. (1996), other 
researchers (e.g., Abu-Hejleh et al., 2003; Miller, 2003; Hassan, 1994; Stark et al., 2013) studied 
the behavior of drilled shafts in IGMs. For Example, Stark, Long and Assem (2013), using 
statistical methods, illustrated that none of the existing methods could accurately predict the 
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behavior of drilled shafts in IGMs, a conclusion that has been reached repeatedly in the past by 
other investigators (e.g., O’Neill et al., 1996; Miller, 2003). The aforementioned research has 
addressed some of the questions about the behavior of drilled shafts in IGMs that constitute the 
extreme lower bound of strength in soft rocks but as was mentioned above, little has been said in 
the published literature (e.g., Stark et al., 2013) about the behavior of drilled shafts in soft rock 
masses that include a wider range of weathering conditions that are often seen in upper portion of 
rock formations encountered in the construction of drilled shafts. Therefore, while the research 
conducted by other investigators has contributed largely to our general understanding of the 
behavior of drilled shafts in rock masses and has lead to accumulation of significant amount of 
field evidence, some limitations still exists in relation to design of drilled shafts in soft rock as 
defined in the previous section. These limitations are discussed below: 
 
1. Numerous researchers have studied the behavior of drilled shafts in soft rocks. The 
measured side and tip resistance for these rock socketed drilled shafts have been related 
to unconfined compressive strength (qu) of the soft rock substance. Only few researchers 
(e.g., Seidel, 1993; Hassan, 1994; Seidel and Collingwood, 2001) have studied the other 
fundamental variables that affect the axial behavior of these structures mainly using 
laboratory tests. 
2. Rock mass consists of intact blocks that are separated by individual discontinuity surfaces 
(Hoek, 1983). Therefore, its behavior is governed by the properties of the intact rock 
blocks and the joints. Many of the existing design models, however, only use the 
properties of rock substance (i.e., intact properties). Therefore, the importance of the in 
situ features such as joints, faults, shears and fissures on the strength and deformational 
7
 
properties of the rock mass is essentially ignored by such design frameworks. One of the 
indirect implications of ignoring rock mass properties is that the performance of these 
rock socketed drilled shafts is scale independent. This is in contradiction with one of the 
most well-established rules in rock mechanics that emphasizes the importance of size of 
structures relative to spacing of joints on their behavior (Goodman, 1980). The 
importance of size of the foundation in soft rock will be studied in the later chapters of 
this report. 
3. “Design and prediction of engineering behavior [strength and deformability of drilled 
shafts in soft rocks] will be no better than the material properties used in equations 
relating load and material properties” (Deere et al., 1966). Rock properties are inputs to 
most of design models for prediction of capacity and deformational properties of drilled 
shafts and therefore their prediction is of utmost importance. A “framework” for the 
prediction of the rock mass properties has not been proposed for the design of drilled 
shafts in soft rock masses. The alternative approach is to test rock specimens in the 
laboratory or perform in situ load tests for each project. The later alternative is often not 
justified due to its cost. Therefore, additional efforts is needed to develop a method to 
accurately predict the mechanical properties of the rock mass. 
4. Several drilled shaft load test databases exist in the published literature (Williams, 1980; 
Rowe and Armitage, 1984; Hassan, 1994; Paikowsky et al., 2010; Stark et al., 2013), 
each containing a limited number of drilled shaft load tests in rocks that may be classified 
as soft. A large database of drilled shaft load tests in soft rock currently do not exist and 
the results of drilled shaft axial load tests in soft rocks are scattered in the literature. 
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5. Empirical methods were developed using databases that combine soft and strong rock 
(e.g., Williams, 1980; Zhang and Einstein, 1998). Therefore, most of the existing design 
methods have not necessarily been developed for design of drilled shafts in soft rock 
mass. Moreover, some of these models do not account for the fundamental variables that 
govern the behavior of drilled shafts in soft rocks. These variables include drilled shaft 
diameter, rock mass modulus of deformation, drilled shaft foundation settlement and rock 
mass weathering condition. 
6. A wide range of problems that has been treated in detail in rock mechanics literature has 
wide applications in drilled shaft design that have yet to be implemented in the 
foundation engineering literature. For example, the research on shear strength and 
deformability of rock joints (e.g., Patton, 1966, Coulson, 1970, Jaeger, 1971; Bandis, 
1980) have applications in research on side resistance of rock sockets, yet only the 
Monash University researchers have used these concepts in development of predictive 
equations for drilled shafts in soft rocks. 
7. The theoretical predictive models for side and tip resistance of rock socketed drilled 
shafts are generally formulated based on laboratory model tests on synthetic rocks, use 
impractical assumptions (e.g., homogeneous and elastic rock mass) and require input 
parameters that are difficult to obtain (e.g., dilation angle for rock/concrete interface). For 
example, most of the theoretical models for soft rock/concrete interface assume that the 
shear surface is at the interface of rock and concrete. Field evidence, however, have 
shown that the shear surface is inside the adjacent soft rock mass (Williams, 1980). 
Additionally, these theoretical models have not been evaluated using a large database for 
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drilled shafts axial load tests in soft rock mass and their advantages over simpler 
empirical methods is not clear. 
8. Displacement compatibility between side and tip resistance of drilled shafts is often not 
considered in design because i) drilled shafts are conservatively designed using only side 
or tip resistance, ii) post-peak softening in side resistance is neglected and it is assumed 
that peak side resistance will not reduce with continued shear displacement and iii) load-
transfer functions, namely q-z and t-z methods, are not available for drilled shafts in soft 
rock formations. Therefore, the design methods are often developed as if the components 
of resistance (i.e., side and end resistance) were mobilized independently. 
9. The exiting models are not probabilistic. Therefore, errors resulting from model 
inexactness and variability and uncertainty in model variables and model parameters 
cannot be properly quantified. 
10. Because the current predictive models are deterministic, all sources of uncertainty may 
not be accounted for in the reliability analysis for calibration of the Load and Resistance 
Factor Design (LRFD) resistance factors. Therefore, current resistance factors do not 
properly capture the level of risk that is associated with the actual level of uncertainty 
that is inherent in the existing design models. 
11. According to Phoon et al. (2000), “if a design model is conservative, it is obvious that the 
probabilities of failure calculated subsequently will be biased, because those design 
situations that belong to the safe domain will be assigned incorrectly to the failure 
domain, as a results of the build-in conservatism.” As is shown in Chapter 6, the existing 
design models are biased to various degrees and are mostly conservative. Unbiased 
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models have to be used in calibration of resistance factors to prevent over-conservative 
design of foundations. 
 
1.3 Objective and Scope 
The work presented in the following chapters of this thesis will cover a broad range of 
topics that are applicable to design and construction of drilled shafts in soft rock. The main 
objectives are to study the behavior of drilled shaft in soft rock, identify the modes of failure for 
these foundations and develop a probabilistic limit state approach for the design of drilled shafts 
in soft rock. Accordingly, predictive models are proposed for the determination of side and tip 
resistance of drilled shafts in soft rock mass to address the strength limit state. Load-transfer 
functions (i.e., t-z and q-z relationships) are proposed that are used to determine the settlement of 
drilled shafts under axial loads. The predicted settlements are compared with the tolerable limits 
for assessment of the serviceability limit state. Probability theory and reliability analysis, in 
combination with probabilistic predictive models that are developed in this work, will be used 
for calibration of LRFD resistance factors that are required to account for design uncertainties in 
a probabilistic limit state design framework and for evaluation of the strength limit state. 
 
1.3.1 Thesis layout 
The following paragraphs describe the layout the thesis: 
Chapter 2 presents a review and discussion of the technical literature on the design of 
drilled shafts in rock. It is intended to provide a summary of the design methods that are 
available for determining the axial resistance and settlement of drilled shafts in rocks. Particular 
attention is given to design methodologies for drilled shafts in soft sedimentary rocks. These 
methods include those that are commonly used by major design entities that include but are not 
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limited to the Federal Highway Administration (FHWA), American Association of State 
Highway and Transportation Officials (ASSHTO) and State Department of Transportation (State 
DOTs). 
Two axial in situ drilled shaft load test databases are complied following an extensive 
review of published literature. These databases that only include load tests in soft rocks are 
reported in Chapter 3 and in Appendices A and B. These databases include the load test results 
(i.e., back-calculated stress-displacement relationships for the mobilized shear surfaces on the 
perimeter of the rock socket and at the tip of drilled shafts, t-z and q-z relationships, respectively) 
and drilled shaft construction details and the mechanical properties of soft rock at each load test 
site. These databases are used in subsequent Chapters of this thesis to i) evaluate the state-of-the-
art for the design of drilled shafts in soft rock, ii) to study the behavior of drilled shafts in soft 
rocks under axial loads and iii) for development of design methods for prediction of strength and 
deformational properties of side and tip of drilled shafts in soft rock masses. 
Load test measurements and analytical analysis have shown that the interaction of drilled 
shaft along its interface with the surrounding soft rock mass contributes significantly to the axial 
resistance (Horvath and Kenney, 1979) and stiffness of these structures mainly when the rock 
socket is long (i.e., L/B > 3 where L is the length and B is the diameter of the rock socket). 
Therefore, a detailed understanding of the side resistance of drilled shafts in soft rock is essential 
to a successful and optimal design. Accordingly, a database of laboratory constant normal stress 
direct shear tests on rock joints and a database of constant normal stiffness (CNS) direct shear 
tests on rock/concrete interfaces are complied in Chapter 4 and Appendix C that are used to 
augment our understanding of the strength and deformational properties of the shear surfaces 
formed along the perimeter of rock sockets for in situ drilled shaft load test results of Chapter 3. 
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The behavior of these of interfaces deduced from the laboratory tests have been used in the past 
to develop predictive equations for design of drilled shafts in rock (i.e., research at the Monash 
University, Melbourne, Australia) and it was “assumed” that these tests are representative of 
behavior of drilled shafts in rock; a hypothesis that will be checked exhaustively in this thesis 
using a large side resistance database from drilled shaft load tests in soft rocks. These databases 
will be analyzed mainly to investigate the factors that affect the side resistance of drilled shafts in 
rocks with particular attention to behavior of these structures in soft rock masses. The results of 
these laboratory tests will also be compared with similar results from drilled shaft load tests of 
Chapter 3 to further investigate their applicability to research on behavior of drilled shafts in soft 
rock. 
The existing design models and the ones that will be proposed in this work are as 
accurate as their input rock mechanical properties (Deere et al., 1966). Therefore, a “framework” 
for prediction of rock mechanical properties is needed whose contribution to the overall 
uncertainty in design can be quantified. To address this issue, several rock mechanics databases 
are complied in Chapter 5 and in Appendix D that are used to develop methods for prediction 
of rock mechanical properties. 
The existing predictive models for strength and deformational properties for drilled shafts 
and the methods for prediction of rock mechanical properties are evaluated in Chapter 6 using 
the databases developed in Appendices A through D. The results are only pertinent to the design 
of drilled shafts in soft rock masses. The evaluation results are used to identify the limitations of 
the current methods and to indicate the root causes of the bias in the existing predictive models. 
Before proceeding to the development of the enhanced models in this work, the effect of 
construction will be reviewed briefly in Chapter 7 to better understand the implications of the 
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construction method on the performance of the drilled shafts in soft rock mass. A predictive 
method is proposed for the determination of the socket wall roughness height and another 
method will be proposed for determination of the filter-cake thickness that forms on the sides of 
rock sockets when drilling is performed under slurry in porous rocks such as limestone and 
sandstone. 
Probabilistic models are required to properly account for uncertainties in the design 
equations, model parameters and model variables and for reliability analysis, code calibration 
and determination of LRFD resistance factors. Therefore, probability theory is used in the 
development of the probabilistic models. The framework adopted herein for this purpose is 
discussed in Chapter 8. 
The behavior of drilled shafts in soft rock in side and tip resistance will be discussed in 
detail in Chapters 9, 10 and 11. Probabilistic models are proposed that can be used for 
evaluation of strength and serviceability limit states. 
Chapter 12 will provide the reliability analysis that is performed using the probabilistic 
models that are proposed in Chapters 10 and 11 as well as reliability analysis for other design 
methods proposed in the technical literature. The results of the reliability analysis will be used 
for calibration of the LRFD resistance factors that are needed in a probabilistic limit state 
framework. 
Chapter 13 will provide a brief overview of the findings of the study performed during 
this work and will discuss the general conclusions in relation to the design of drilled shafts in 







Table 1.1 Foundation types and their uses (after Bowles, 1977; Gifford et al., 1987; Bruce and Juran, 1997; O’Neill and Reese, 
1999; Munfakh et al., 2001; Kimmerling, 2002; Elias et al., 2004; Sabatini et al., 2005; Brown and Dapp, 2006). 
Foundation type Use Applicable soil conditions Non-suitable or difficult soil conditions 
    
Spread footing, 
wall footings 
Individual columns, walls, bridge 
piers. 
Any conditions where 
bearing capacity of surficial 
soil is adequate for applied 
load. 
Any conditions 
where foundations are supported on 
soils subject to scour or liquefaction. 
Mat foundation Same as spread and wall footings. 
Very heavy column loads. 
Usually reduces differential 
settlements and total settlements. 
Generally bearing capacity 
value is less than for 
spread footings.  
 




In groups to transfer heavy 
column and bridge loads to 
suitable soil layers. Also to 
resist uplift and/or lateral loads. 
Poor surface and near 
surface geomaterials. Soils 
suitable of load support 5 
to 90 m below ground surface. 
Shallow depth to hard stratum. Sites 
where pile driving vibrations or heave 
may adversely impact adjacent 
facilities. Boulder fields. 
Drilled shafts 
 
Larger column loads than for 
piles. Cap sometimes eliminated by 
using drilled shafts as column 
extension. 
Poor surface and near 
surface soils. Soils and/or 
rock of suitable load 
support located 8 to 90 m 
below ground surface. 
Deep deposits of soft clays and loose 
water bearing granular soils. 
Caving formations difficult to stabilize. 
Artesian conditions. Boulder fields. 
Micropiles Often used for 
seismic retrofitting, underpinning, 
and in low head room situations. 
Any soil, rock, or fill 
conditions including areas 
with rubble fill, boulders, 
and karstic conditions. 
High slenderness ratio may present 
buckling problems from loss of lateral 









Figure 1.1  Typical site idealized geologic profile in a drilled shaft installation project. The 












Figure 1.2  Typical weathering profiles in soil and rock deposits (figure obtained from the 
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Rock socketed drilled shafts are being increasingly used for support of structures that 
carry heavy loads (Horvath and Kenney, 1979; O’Neill and Reese, 1999; Seidel and Collinwood, 
2001; Brown et al., 2010; Dai et al., 2016). Rock socketed drilled shafts often interact with soft 
rocks (Deere and Miller, 1966; Barton et al., 1978; Rowe and Armitage, 1987; Kanji, 2014) 
because the upper zone of most rock formations, that hosts portions of the drilled shaft, is 
somewhat altered by physical and chemical weathering processes especially in tropical and 
humid areas. Behavior of drilled shaft foundations in soft rock is complex and has been 
investigated by researchers for decades. A significant number of researchers have based their 
work on the results of axial drilled shaft load tests in soft rocks (e.g., Teng, 1962; Coates, 1967; 
Rosenberg and Journeaux, 1976; Horvath and Kenney, 1979; Meigh and Wolski, 1979; 
Williams, 1980; Reynolds and Kaderabek, 1980; Gupton and Logan, 1984; Rowe and Armitage, 
1987; Carter and Kulhawy, 1988; Toh et al., 1989; Kulhawy and Phoon, 1993; Zhang and 
Einstein, 1998; Miller, 2003; Abu-Hejleh et al., 2003; Paikowsky, 2010; Stark et al., 2013). 
These studies have led to development of empirical design methods where the observed side and 
tip resistance and deformational properties of rock sockets have been related to rock index 
properties (e.g., unconfined compressive strength, qu). These methods are commonly site-
specific due to their empirical nature and should be used with caution when site geology and 
foundation construction methods deviate from those of the drilled shaft load test databases that 
have been used to develop these methods. Other researchers (e.g., Lam, 1983; Haberfield, 1987; 
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Lam and Johnston, 1987; Johston and Lam, 1989; Kodikara, 1989; Seidel, 1993; Hassan, 1994; 
Collingwood, 2000; Seidel and Collingwood, 2001) have used a combination of theoretical and 
empirical methods for the analysis of the behavior of drilled shafts in rocks. These researchers 
have attempted to develop theories to explain the experimental observations obtained from their 
laboratory and field tests. Therefore, these semi-empirical methods may be applicable to a 
broader range of field conditions because they are mechanistic and the axial behavior of drilled 
shafts in these models has been related to the fundamental variables that characterize the soft 
rock mechanical and engineering properties, the rock socket geometry and properties of 
mobilized shear surfaces on the sides of rock sockets and the boundary conditions at the tip of 
drilled shafts. 
Current design methods that are discussed above can be divided into two major groups. 
These are the methods that are used to estimate the axial resistance of drilled shaft foundations 
(the load that defines the strength limit state) and those that are used to estimate the load-
deformation response of the rock socketed drilled shaft foundations when subjected to the 
service loads (methods that are used to estimate foundation settlement to be compared with 
serviceability limit states). A review of the available methods is presented in this chapter. The 
design methods for tip and side resistance are treated in detail. This is followed by a detailed 
discussion of the available methods that have been proposed for calculation of settlement of 
drilled shaft foundations. These methods will be evaluated in the following chapters of this 
report. It should be noted that only the methods that are commonly used for design of drilled 
shafts in rocks by major design agencies (e.g., State DOTs, American Association of State 
Highway and Transportation Officials) are discussed in this chapter. There are numerous other 
studies that are helpful in explaining the axial behavior of rock socketed drilled shafts such as 
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studies on shear strength of rock joints (e.g., Coulson, 1970; Jaeger, 1971; Bandis, 1980) and 
studies that are helpful in determination of rock mass mechanical and engineering properties 
(e.g., Hoek and Brown, 1997). These models, however, will not be discussed in this chapter. 
These methods are reviewed and discussed in the subsequent chapters when necessary. 
 
2.2 Side Resistance Methods 
Drilled shaft foundations carry their loads in side resistance, tip resistance or combination 
of both (Horvath and Kenney, 1979; Rowe and Armitage, 1987; Hassan et al., 1997; Zhang and 
Einstein, 1998; Seidel and Collingwood, 20001; Canadian Geotechnical Society, 2006; Turner, 
2006). The design of foundations for tip resistance, however, often requires inspection 
procedures that guarantee the cleanness of the drilled shaft base which has been proven to be 
expensive and difficult, especially for the case of rock sockets in weathered rock or deep sockets 
(Seidel and Collingwood, 2001, Brown et al., 2010). Osterberg and Gill (1973) and Rowe and 
Armitage (1987) used finite element analysis and showed that the portion of the load transferred 
to the tip of drilled shafts in rocks is only a small percentage of the total applied load when the 
ratio of socket length to the drilled shaft diameter, L/B, is greater than 4. Therefore, rock 
socketed drilled shaft foundations with L/B > 4 carry most of their service load in side resistance 
(Seidel and Collingwood, 2001). Design methods for side resistance are commonly empirical and 
have been developed using drilled shaft load test databases that have a limited number of tests in 
a wide a range of rock types with a broad range of rock strengths. Some methods, however, are 
based on laboratory constant normal stress and constant normal stiffness (CNS) direct shear tests 
on synthetic rock/concrete interfaces where bonding between rock and concrete is intentionally 
prevented (e.g., Seidel, 1993). These proposed methods commonly relate the measured peak 
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shear stress that is mobilized on the rock/concrete interface to basic properties of the rock (e.g., 
unconfined compressive strength of intact rock, qu) and the properties of the rock/concrete 
interface. It must be noted that the word “peak” shear stress is adopted to refer to the failure 
shear stress herein. The term “ultimate” that is commonly used in the literature to refer to the 
failure stress in side resistance, however, refers herein to the smallest post-peak shear stress that 
is mobilized on the shear surface in the sides of the drilled shaft load tests. This terminology is 
implemented in this study for consistency with the rock mechanics literature. The major design 
methods for prediction of side resistance are discussed in the subsequent sections. When the 
methods are empirical, the databases used in their development are discussed and their 
limitations in relation to design of drilled shaft foundations in soft rock are pointed out. The type 
of rock, rock mechanical properties and drilled shaft geometry for case histories used in 
development of the current design models will be discussed when information on these important 
details are available. When the methods are theoretical or semi-theoretical, the major 
assumptions and the theory used in their development are discussed. 
 
2.2.1 Rosenberg and Journeaux (1976) 
Method of Rosenberg and Journeaux (1976) is based on a total of eight drilled shaft load 
tests where rock strength properties (intact properties) for four cases are reported. The load tests 
were conducted on drilled shafts in sandstone, shale, limestone and andesite. The unconfined 
compressive strength (qu) for the rocks reported in Rosenberg and Journeaux database ranges 
from 0.5 MPa to 34 MPa. It is noted that the upper bound qu for the rocks in this database 
slightly exceeds the upper bound defined for soft rocks in this study (i.e., 30 MPa). Most of the 
rocks encountered in these case histories are weathered and fractured. The design method is 
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based on a simple regression analysis of the data collected by Rosenberg and Journeaux. The 
effect of rock type on side resistance is not evaluated. The method assumes that mechanical 
behavior of these rocks and their response to loading is similar. Furthermore, the effect of 
construction and shaft geometry on the development of shear stress is not studied. Rosenberg and 
Journeaux do not account for the rock mass properties and they relate the measured side 
resistance to only qu of the intact rock. The method of Rosenberg and Journeaux (1976) is shown 
in Figure 2.1 and is compared to the drilled shaft load test data reported by Rosenberg and 
Journeaux. Rosenberg and Journeaux (1976) did not provide a mathematical expression for their 
proposed method. Kulhawy et al. (2005) provided a best-fit equation for the method of 











          (2-1) 
 
where fsp is the peak shear stress and Pa is the atmospheric pressure (0.101 MPa). Some of the 
load tests in Rosenberg and Journeaux (1976) database did not mobilize their peak side shear 
stress. 
 
2.2.2 Horvath (1978, 1982) 
The method of Horvath (1978) is based on the results of six drilled shaft load tests in 
Queenston Shale Formation. All test shafts were constructed at one test site near Ontario, 
Canada. The unconfined compressive strength of shale in the quarry ranged between 4.7 to 11.1 
MPa. The shale is horizontally bedded. The diameter of the drilled shafts that were utilized in 
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Horvath’s study is 710 mm. The method should only be used for estimating the unit side 
resistance of drilled shafts in similar rock formations. The effect of drilled shaft geometry could 
not be investigated using the database of Horvath (1978) as all of the drilled shafts had the same 
diameter. The depth of embedment was 1.37 meter in all cases. The depth of embedment for the 
drilled shafts used in Horvath’s study is significantly smaller than the typical embedment lengths 
that are used in practice, however, as is shown in the subsequent chapters of this thesis, the depth 
of embedment only defines the initial stresses on the shear surface that is mobilized on the 
perimeter of drilled shaft. The shear strength (fsp), however, is mainly affected by the final 
normal stresses that are mobilized at the onset of mobilization of fsp. 
Horvath accounted for the effect of roughness of rock/concrete interface on the peak side 
resistance of drilled shafts in rocks. Horvath (1978, 1982), based on the measurement of socket 
wall roughness, developed a Roughness Factor (RF) which is used to account for effect of socket 
roughness on side resistance. The roughness factor (RF) and the proposed predictive method for 











fsp = 0.8× qu ×RF
0.45           (2-2b) 
 
where h represents the average height of asperities, lt is the total travel distance along the socket 




2.2.3 Horvath and Kenney (1979) 
Horvath and Kenney (1979) developed an empirical design method based on a field load 
test database that included both large- and small-scale drilled shafts and rock anchors. The 
drilled shafts tested in Horvath and Kenney (1979) database were socketed in shale, sandstone, 
limestone and chalk as well as igneous and metamorphic rocks. The unconfined compressive 
strength (qu) of the sedimentary rocks in Horvath and Kenney (1979) database ranges from 0.35 
MPa to 110 MPa for shale and mudstone, 7 to 24 MPa for the sandstone and 1 to 7 MPa for 
limestone and chalk. The unconfined compressive strength (qu) of igneous and metamorphic 
rocks in this database ranges from 0.35 to 10.5 MPa. It can be seen that the upper bound qu for 
the shale and mudstone in this database is considerably greater than that specified for soft rock. 
Horvath and Kenney (1979) drilled shaft load tests are discussed in more detail in Chapter 3 and 
in Appendices A and B. 
Horvath and Kenney (1979) proposed that the drilled shaft diameter (B) affects the side 
resistance of the drilled shafts. They showed that the peak side resistance of the drilled shafts 
would decrease as the diameter of foundation increases. As the diameter of the drilled shaft 
increases, the affect of shaft diameter on mobilized unit side resistance will diminish. Horvath 
and Kenney, however, attributed this observation to only size of the foundation and ignored the 
effect of other variables such as socket roughness which may be affected by the size of drilled 
shaft (Collingwood, 2000), the weathering condition of the rock mass and the drilling equipment. 
Therefore, foundation diameter alone may have not been the only contributing factor to their 
observation. To develop their design model, Horvath and Kenney (1979) divided their database 
into large diameter, (B > 0.41 m), small diameter drilled shafts (B < 0.41 m) and rock anchors 
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(length/diameter, L/B > 10). The proposed method of Horvath and Kenney (1979) is shown 
below 
 
fsp = a × qu (MPa)           (2-3) 
 
where “a” in the above equation ranges from 0.2 to 0.25 for large diameter drilled shafts and 0.25 
to 0.33 for the small diameter drilled shafts. 
The method of Horvath and Kenney (1979), similar to other empirical methods discussed 
in the previous sections, attempts to correlate peak side resistance (fsp) to only the unconfined 
compressive strength (qu) of the intact rock. The research conducted at the Monash University, 
Melbourne, Australia showed that the peak side resistance is also affected by variables such as 
modulus of deformation of rock mass (Em), friction angle of rock mass (φ'm), roughness of the 
rock/concrete interface (h), and construction method. Therefore, while the work of Horvath and 
Kenney (1979) has contributed to the understanding of the behavior of drilled shafts in rocks, it 
may be too simplistic. Results of recent research (e.g., Lam, 1983; Haberfield, 1987; Johston and 
Lam, 1989; Kodikara, 1989; Seidel, 1993; Hassan, 1994; Collingwood, 2000) have proposed that 
socket roughness (i.e., construction method) dominates the behavior of drilled shafts as it 
governs the development and maintenance of the normal stress on the sides of the drilled shaft in 
soft rock masses. However, most of these studies (e.g., Lam, 1983; Haberfield, 1987; Johston 
and Lam, 1989; Kodikara, 1989; Seidel, 1993; Hassan, 1994; Collingwood, 2000) artificially 
force the shear surface to be at the interface of rock and concrete by preventing bond between 
concrete and synthetic rock. Field observations (Williams, 1980), however, have shown that 
shear surface is within the rock mass and not at the rock/concrete interface. Therefore, the 
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rock/concrete interface roughness may not be as important as is implied from the 
unrepresentative laboratory tests conducted by previous investigators. 
 
2.2.4 Pells et al. (1979) 
Pells et al. (1979) performed drilled shaft load tests on rock sockets that were constructed 
in Hawkesbury Sandstone in the Sydney, Australia. At the test site, the sandstone is fine to 
medium grained and consists of a weathered layer overlying a fresh layer. The unconfined 
compressive strength of rock ranges from 6 MPa (for the more weathered layer) to 40 MPa (for 
the deeper intact layer). It is noted that as the depth increases, the rock becomes stronger and 
upper bound for the rock unconfined compressive strength becomes larger than the upper bound 
for soft rock masses. The diameter (B) of drilled shafts ranges from 75 mm to 710 mm and the 
depth of embedment for the drilled shaft load tests ranges from 240 mm to 1370 mm. Pells et al. 
(1979) measured the roughness of the rock sockets and the average asperity height ranged from 
less than 1 mm to more than 10 mm. Pells et al. drilled shaft load tests are discussed in more 
detail in Chapter 3 and in Appendices A and B. Pells et al. (1979) proposed an α-method for the 
peak side resistance (fsp) of drilled shafts in soft to strong rocks. The mathematical form of Pells 
et al. (1979) method is shown below 
 
fsp = α × qu            (2-4) 
 
where fsp is the peak side resistance, α is the adhesion factor back-calculated from the results of 
drilled shaft load tests and qu is the unconfined compressive strength of intact rock. α values (= 
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fsp/qu) back-calculated from the load tests performed by Pells et al. (1979) ranges from 0.1 to 0.3 
with an average of 0.2. 
 
2.2.5 Williams (1980) 
Williams (1980) studied the side resistance of drilled shafts in soft rocks based on drilled 
shaft load tests in Melbourne siltstone at Stanley Avenue, Middleborough Road and Westgate 
Highway test sites. The siltstone at the load test sites is commonly weathered to highly 
weathered. The unconfined compressive strength (qu) of rocks in Williams (1980) database 
ranges from 0.4 MPa to 80 MPa, the diameter (B) of drilled shafts ranges from 0.335 meters to 
1.35 meters and the embedment depth (DGS = DTOR) in the soft rock (that is also the ground 
surface at Williams load test sites) for these drilled shafts are commonly less than 2 meters. The 
depth of embedment of these test shafts is also smaller than those commonly used for production 
shafts, however, this is not expected to affect the mobilized side resistance significantly. 
Williams (1980) designed the load tests with soft inclusions at the base of the drilled shafts (i.e., 
compressible base) to exclude the tip resistance and directly back-calculated the stress that was 
carried in side resistance by dividing the total top of shaft load by the circumferential area of the 
rock socket. Williams (1980) also performed tests where the loading cell was placed within the 
drilled shaft and performed a bottom-up load test to directly measure the side resistance (this test 
was similar to the modern Osterberg load tests that are commonly performed in the North 
America and other locations in the world). Williams (1980) drilled shaft load tests are discussed 
in more detail in Chapter 3 and in Appendices A and B. Williams (1980) measured the roughness 
of rock sockets and developed roughness statistics (i.e., mean and standard deviation of asperity 
height and angle) for each rock socket. Williams (1980) observed that rock sockets with larger 
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side roughness developed greater unit side resistance. This observation is expected because 
larger roughness leads to larger dilation angles for rock/shaft interface. This leads to larger 
normal stresses and larger unit side resistance. This reasoning, however, is only applicable in 
situations where most of the shear surface is located at the rock/concrete interface. In most cases 
a strong relationship between the side resistance and wall roughness is not seen, indicating a 
shear surface that is not at the rock/concrete interface. 
Williams (1980) proposed an empirical relationship for estimating the peak side 
resistance (fsp) of drilled shafts in Melbourne siltstone. This relationship is shown in Figure 2.2 












          (2-5) 
 
Equation 2-5 should be used with caution because i) it is based on a limited number of 
load tests in one rock formation and thus the method could be site-specific, ii) it is based on load 
tests on small-scale drilled shafts that do not represent the drilled shafts that are commonly used 
in practice, and iii) the proposed equation does not account for all variables that affect the 
performance of the rock sockets. 
 
2.2.6 Kaderabek and Reynolds (1981) 
Kaderabek and Reynolds (1981) were interested in the decrease in the contact pressure 
between the base of shallow foundations and underlying Miami limestone and proposed that a 
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portion of the total load could be transferred through side shear resistance along the contact area 
between the sides of the shallow foundation and the limestone. 
“Miami limestone is a soft, light tan, porous, sandy, and fossiliferous” (Kaderabek and 
Reynolds, 1981) geomaterial. The average unconfined compressive strength (qu) of intact rock 
specimens (obtained from 663 tests based on the work of Kaderabek and Reynolds, 1981) is less 
than 8.6 MPa with almost 90% of the test results less than 2.9 MPa. The quality of rock 
decreases with depth in Miami limestone such that Rock Quality Designation (RQD) ranges 
from 50% to 80% in the upper part of the formation and usually is near 0 in the lowest portion of 
the formation (Kaderabek and Reynolds, 1981). Kaderabek and Reynolds (1981), based on 
“Limerock Tension-Shear Tests” in Miami limestone, proposed the following correlation for 
estimating the peak shear resistance (fsp) of the sides of shallow foundations in Miami limestone 
 
fsp = 0.3× qu            (2-6) 
 
Similar to the previous methods, this approach is developed for a particular rock 
formation, is considered site-specific and peak shear stress is correlated only to qu of the intact 
rock and the effect of other variables (e.g., normal stress, socket wall roughness height and rock 
mass condition) has not been included. The method of load testing is also not representative of 
the direction of applied loads in drilled shafts subjected to compressive loads. The back-
calculated adhesion factor (α) by Kaderabek and Reynolds (1981), however, is comparable with 
that proposed by Stark, Long and Assem (2013) which was obtained from back-analysis of 




2.2.7 Rowe and Armitage (1984) 
Rowe and Armitage (1984) method is based on a database of drilled shaft load tests that 
was collected from published literature. Rowe and Armitage (1984) original database includes 
drilled shaft load tests in sandstone, mudstone, shale, siltstone, chalk and andesite. The 
unconfined compressive strength (qu) of rock ranges from 0.55 MPa to 32 MPa, the diameter (B) 
of drilled shafts ranges from 0.1 meters to 1.12 meters and the embedment depth of drilled shafts 
in this database ranges from 0.2 meters to 10 meters. The data collected in Rowe and Armitage 
(1984) database are obtained from a variety of load test methods, namely from complete sockets 
where both side shear and tip resistances are measured, from load tests where the tip bearing was 
eliminated by the means of soft inclusions at the tip of the drilled shafts and from load tests 
where an uplift load was applied to the socket thereby eliminating the tip resistance and only 
mobilizing the side resistance of the socket. 
Rowe and Armitage (1984) indirectly incorporated the rock/drilled shaft interface 
roughness in their design framework. The database described above was divided based on 
roughness classification introduced by Pells et al. (1979) and Pells et al. (1980). The method of 
Rowe and Armitage (1984) for regular socket interface (i.e., a rock/shaft interface with grooves 
less than 10 mm deep) is shown below 
 
fsp = 0.45× qu (MPa)          (2-7) 
 
where qu is the average unconfined compressive strength of intact specimens taken from the 
sides of drilled shaft at the elevation of interest and fsp is the back-calculated peak side resistance. 
Rowe and Armitage (1984) also proposed a similar design equation for rough sockets by 
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performing regression analysis on data with measured socket roughness where the depth of 
groove was greater than 10 mm (i.e., sockets with wall roughness equal or greater than that 
specified by R4 roughness class discussed by Pells et al., 1979 and Pells et al., 1980). Rowe and 
Armitage (1984) design model for rough sockets is shown below 
 
fsp = 0.60× qu (MPa)          (2-8) 
 
The variables in Equation 2-8 are defined in the previous sections of this chapter and in 
the Notations section.  
 
2.2.8 Hassan (1994) 
Hassan (1994) analyzed the axial behavior of drilled shafts in weathered rock using 
results of field load tests and finite element analysis. Hassan (1994) proposed that rock/concrete 
interface has a sinusoidal roughness pattern when the drilled shaft hole is constructed with augers 
in clay shales and distinguishes between smooth and rough sockets. Hassan proposed that for the 
case of rough sockets, the shear plane is within the soft rock material and thus the unit side 
resistance is equal to the average drained shear strength of geomaterial. Hassan (1994) proposed 
the following expression for obtaining the peak side resistance (fsp) of drilled shafts with rough 
rock/concrete interfaces 
 




where fsp is the peak side resistance, c'm and φ'm are the drained cohesion intercept and friction 
angle of rock mass and σ'n is normal stress on shear surface. For smooth rock/concrete interfaces, 
Hassan (1994) proposed that the peak unit side resistance (fsp) is mobilized at very small 
displacements (i.e., local displacements of 5 to 10 mm). Hassan (1994) also assumed that the 
shear surface for smooth interfaces is at the rock/concrete interface (Hassan, 1994). Hassan 
indicates that the side resistance in smooth sockets is governed by initial normal stress on the 
interface and interface friction angle. Hassan proposed Equation 2-10 for prediction of peak 
shear stress when the rock/concrete interface is smooth 
 




















15− σ 'n Pa⎡⎣ ⎤⎦
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          (2-10c) 
 
where α is the adhesion factor, qu is the unconfined compressive strength of intact rock core, d is 
the depth correction factor and φint is the interface friction angle of rock/concrete interface. In 
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relation to the effect of stresses on side resistance, Vesic (1963) indicated that side resistance is 
“linear function of vertical stress at failure.” Vesic (1963) further maintained that “this stress is 
not necessarily equal nor proportional to the overburden pressure.” Analysis presented in 
subsequent chapters of this report further confirms Vesic (1963) proposal. Contrary to the 
proposal of Hassan (1994), drilled shaft load test data show no relationship between peak side 
resistance and initial normal stress on the mobilized shear surface. 
 
2.2.9 Seidel and Collingwood (2001) 
The design model of Seidel and Collingwood (2001) is semi-empirical and is based on 
the outputs of the Rocket computer program that is developed based on the mechanistic models 
developed by Seidel (1993) and other researchers at the Monash University. These mechanistic 
models were developed based on the observations of the behavior of synthetic rock/concrete 
interfaces in drained constant normal stiffness (CNS) direct shear tests. Most often, the bonding 
between the synthetic rock and the concrete was prevented when the specimens were being 
developed. The method accounts for effects of socket geometry (that is modeled using the 
normal stiffness, Kn, Seidel and Collingwood, 2001), unconfined compressive strength of intact 
rock (qu), equivalent elastic properties of rock mass (i.e., modulus of deformation, Em, and 
Poisson’s ratio, ν) and the socket wall average roughness height (h). The method of Seidel and 
Collingwood (2001) is shown in Figure 2.3 (Figure 2.3 is reproduced from Seidel and 
Collingwood, 2001). The definition of the shaft resistance coefficient (SRC) (after Seidel and 
Collingwood, 2001) that accounts for the above variables is shown in Equation 2-11 
 
SRC = η×








where η is the construction method reduction factor, Em is the modulus of deformation of rock 
mass, qu is unconfined compressive strength of intact rock, h is the average roughness height of 
rock socket, ν is the Poisson’s ratio of the rock mass and B is socket diameter. This method 
could be used by calculating values of SRC using Equation 2-11. One may then enter Figure 2.3 
with an average value of unconfined compressive strength and the value of SRC to obtain an α 
reduction factor that can be used to estimate the peak shear stress that is mobilized on the shear 
surface on the sides of the drilled shaft. 
One of important parameters that is accounted for is the roughness of rock/socket 
interface. The roughness model of the Monash University is based on idealizing the interface 
roughness by a series of interconnected cords. The assumption is made that the distribution of the 
cord angle is Gaussian and thus standard deviation of roughness height, cord angle and 
roughness angle could be related using the following simple expression 
 
σh = l × sin(σi )           (2-12) 
 
where σh is the standard deviation of roughness height, l the cord length and σi is the standard 
deviation of roughness angle. It must be noted that the formation of bonds between the synthetic 
rock and concrete was prevented in most drained direct shear tests that were conducted at the 
Monash University and thus the shear surface was at the rock/concrete interface most of the time. 
Williams (1980), however, observed that the shear surface is often within the rock mass for most 
of his in situ drilled shaft load tests. Therefore, the roughness of the interface may not be as 




2.2.10 Stark et al. (2013) 
Stark et al. (2013) developed a database of 54 drilled shaft load tests mostly in 
Intermediate Geomaterial (IGMs). The drilled shaft load tests were conducted in shale, 
mudstone, siltstone and claystone. The unconfined compressive strength (qu) of the intact rock 
raged from 0.13 MPa to 3.2 MPa and the drilled shaft diameter (B) ranged from 0.3 m to 2 m. 
Stark et al. (2013) developed the following expression for the prediction of the peak side 
resistance of drilled shafts in IGMs 
 
fsp = 0.3× qu            (2-13) 
 
where fsp is the peak shear stress on the shear surface mobilized on the sides of the rock sockets 
and qu is the unconfined compressive strength of intact rock specimens. Similar to some of the 
previous methods, the method of Stark et al. (2013) is simplistic and do not account for many 
important parameters such as condition of the rock mass and the properties of the shear surface. 
 
2.3 Tip resistance methods 
A significant portion of the axial load is carried in tip resistance in short sockets and after 
peak side resistance is mobilized and full-slip condition has developed. Mobilization of failure 
mechanism in tip resistance requires a significant amount of displacement at the tip of drilled 
shaft that is larger than that required for mobilization of peak side resistance. A number of design 
methods (e.g., Teng, 1962; Coates, 1967; Rowe and Armitage, 1987; Carter and Kulhawy, 1988; 
ARGEMA, 1992; Zhang and Einstein, 1998; Abu-Hejleh and Attwooll, 2005; Canadian 
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Geotechnical Society, 2006; Stark et al., 2013) have been proposed for evaluation of tip 
resistance of drilled shafts in rocks that are based on the field or laboratory load tests. Due to the 
large displacement required for development of failure in tip resistance, most of the load tests 
that were used in the development of these methods did not reach failure and thus previous 
researchers had to use an “interpreted failure load criteria.” The failure criteria varies from one 
researcher to another, it is based on serviceability limit states requirements, the resulting stresses 
correspond to different drilled shaft axial displacements and thus the resulting design methods 
cannot be readily compared and the predicted tip resistance using these methods for one drilled 
shaft can vary by several orders of magnitude (Zhang and Einstein, 1998). Therefore, a clear 
understanding of the assumptions and failure criteria (i.e., definitions) in the exiting methods is a 
prerequisite to their evaluation in the subsequent chapters of this thesis. 
 
2.3.1 Teng (1962) 
Teng (1962) discussed the tip resistance of drilled shafts in terms of allowable bearing 
pressure. Teng (1962) proposed that the “allowable” contact pressure at the tip of the drilled 
shaft could be obtained from Equation 2-14 
 
qall =1/ 5 to 1/ 8× qu           (2-14) 
 
where qall is the allowable unit tip resistance and qu is the unconfined compressive strength of 
rock. It is important to note that Teng (1962) proposed equation does not pertain to only 




Teng (1962) emphasized the importance of embedment depth (D) on the tip resistance of 
drilled shafts. Teng pointed out that the evaluation of the effect of embedment on tip resistance 
becomes exceedingly difficult in the case of weak and weathered rocks because of the presence 
of joints, bedding planes and fissures. Therefore, a conservative approach is often taken in that 
the tip resistance at the tip of drilled shaft is set equal to tip resistance of the similar foundation 
on the surface of the rock (Teng, 1962). An examination of the method of Teng (1962) shows 
that the allowable pressure of the rock mass is correlated only to the unconfined compressive 
strength (qu) of the intact rock. Therefore, the importance of the secondary structure of the rock 
mass and its control on the mobilized tip resistance is not considered. It should be noted that it is 
widely accepted that the shear strength of the rock mass is governed by the strength of the intact 
blocks of rock as well as the shear strength and deformability of the joints that separate the 
blocks from one another (Hoek, 1983). The method of Teng (1962) also does not account for 
effect of displacement on the mobilized tip resistance and it is unclear what displacement is 
required for mobilization of the tip resistance proposed by Teng (1962) in Equation 2-14. 
 
2.3.2 Coates (1967) 
The method proposed by Coates (1967) is based on the Griffith (1921) fracture theory. 
This theory proposes that the presence of microscopic cracks produce stress concentrations in the 
material along the edges of the micro cracks. The micro cracks will migrate and expand when the 
stresses along their edges grow and become equal to the tensile strength of the material. As the 
number of these micro cracks increases, the number of stress concentrations will also increase 
and eventually will lead to the failure of the material. This theory has been evaluated using 
experiments on glass (e.g., Hoek, 1965). Coates (1967) used a wedge analysis in combination 
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with Griffith’s strength theory for determination of bearing capacity of strip foundations on rock 
masses. The expression proposed by Coates (1967) is shown below 
 
q = 3× qu            (2-15) 
 
where q is the unit tip resistance of a long foundation (i.e., strip foundation) and qu is the 
unconfined compressive strength of rock. Equation 2-15 may be applied to hard rocks (Coates, 
1967). It must also be noted that Equation 2-15 is based on the assumption that the strength of 
rock is mobilized along the entire failure surface at the same time. In reality, however, “the 
failure in brittle materials like rock masses will initiate from regions of stress concentration and 
will propagate to less severely stressed regions” (Hoek, 1965; Coates, 1967). Similar to the 
method of Teng (1962), the effect of rock mass is not accounted for and it is unclear what 
displacement is required for mobilization of the tip resistance proposed by Coates (1967). The 
method of Coates (1967) assumes that the surcharge loads representing the embedment depth are 
small compared to applied loads and thus will not contribute greatly to the bearing capacity. This 
is in agreement with the analysis shown in the Chapter 9 of this report where it is concluded that 
the depth of embedment of the drilled shaft tip (below ground surface and top of rock) and initial 
vertical stresses are of secondary importance in the evaluation of the tip resistance of drilled 
shafts in soft rocks that is also in agreement with conclusions of Vesic (1963). Coates (1967) 
therefore does not account for the effect of foundation depth on the bearing capacity of 
foundations. Other researchers (e.g., Zhang and Einstein, 1998) have made similar conclusions 




2.3.3 Rowe and Armitage (1987) 
Rowe and Armitage (1987) reviewed the in situ load tests by Horvath (1980), Glos and 
Briggs (1983) and Williams (1980) for development of a predictive method for tip resistance. 
None of these load tests were carried to failure in tip resistance. The diameter (B) of drilled 
shafts in Rowe and Armitage database ranges from 0.3 meters to 1 meter, the unconfined 
compressive strength (qu) of rock ranges from 0.65 MPa to 9.26 MPa and therefore the rock can 
be classified as a soft rock. The rock types in this database include siltstone, sandstone and 
shalely sandstone. Based on this study, Rowe and Armitage (1987) proposed the following 
equation for estimating the maximum unit tip resistance of drilled shafts when “i) the base of 
drilled shaft is at least one drilled shaft diameter (B) below the rock surface, ii) the rock to a 
depth of one diameter below the base of drilled shaft is intact to tightly jointed and iii) there are 
no voids below the drilled shaft base.” The proposed equation is shown below 
 
q = 2.5× qu            (2-16) 
 
where q is the maximum unit tip resistance and qu is the unconfined compressive strength of soft 
rock. Similar to the previous methods, the method of Rowe and Armitage (1987) only considers 
the intact properties of rock and does not account for the influence of secondary structure that 
often control the shear strength of the rock mass, does not account for the size of the foundation 
and do not provide any guidance on the effect of embedment on tip resistance. It is also unclear 
what displacements are required for mobilization of the tip resistance proposed by Rowe and 
Armitage (1987) and thus it is unclear if the predicted values of tip resistance using this method 




2.3.4 Carter and Kulhawy (1988) 
Method of Carter and Kulhawy (1988) is based on the Hoek-Brown failure criterion for 
jointed rock mass. Carter and Kulhawy (1988) developed their method for foundations placed on 
the surface of rock mass as shown in Figure 2.4. Carter and Kulhawy (1988) proposed the 
following expression as a lower bound equation for the tip resistance in drilled shafts 
 
q = (m + s)× qu           (2-17) 
 
where q is the lower bound estimate of tip resistance for drilled shafts, “m” and “s” are the 
material constants from Hoek-Brown criterion and qu is the unconfined compressive strength of 
rock. The values of material constants (m and s) could be obtained from Table 2.1. The method 
of Carter and Kulhawy (1988) is an improvement over the previous methods because it accounts 
for the effect of rock type and rock weathering condition in addition to intact properties of rock. 
The method of Carter and Kulhawy (1988), however, is not based on drilled shaft load tests but 
may be classified as a semi-empirical method only due to material constants “m” and “s” which 
are determined empirically. Similar to previous methods, it is unclear what displacements are 
required for mobilization of the unit tip resistance proposed by Carter and Kulhawy (1988) and 
thus compatibility with side resistance cannot be checked. This further means that the definition 





2.3.5 ARGEMA (1992) 
ARGEMA (1992) defines the term rock as “cemented materials of sedimentary, 
metamorphic and igneous origin.” ARGEMA proposed the following expression for the tip 
resistance of drilled shafts in rock 
 
q = 4.5× qu            (2-18) 
 
where q is the maximum tip resistance of drilled shaft and qu is the unconfined compressive 
strength of intact rock. ARGEMA (1992) proposed an upper bound of 10 MPa for the estimated 
values of tip resistance based on the recommendations of API (1991). The mobilized tip 
resistance of drilled shafts in rock may deviate from the predicted values based on Equation 2-18 
due to the presence of compressible material at the base of drilled shaft and the construction 
defects (ARGEMA, 1992). The upper bound proposed by API (1991) is to account for these 
uncertainties and is intended to produce a conservative design. Similar to the previous methods, 
the method of ARGEMA (1992) only considers the intact properties of rock, does not account 
for the influence of secondary structure and does not account for the size of drilled shaft tip and 
its depth of embedment. It is also unclear what displacements are required for mobilization of the 
tip resistance proposed by ARGEMA (1992). 
 
2.3.6 Rock Foundations (1994) 
The U.S. Army Corps of Engineers design manual (Rock Foundations, 1994) is a 
compilation of the research on design of shallow foundations on jointed rock mass. The methods 
that are summarized in Rock Foundations (1994) are mostly semi-theoretical and are based on 
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the results of model load tests performed in laboratory (e.g., Bishnoi, 1968). The methods 
proposed account for the weathering condition of rock mass and the orientation and spacing of 
the major discontinuity sets. 
For the case where the discontinuities are vertical or nearly vertical and the spacing of the 
open joints is less than the socket diameter, Sowers (1979) proposed that failure in the rock mass 
under the foundation base would occur by unconfined compression of unconfined rock columns. 
Sowers (1979) proposed the following expression for obtaining the bearing capacity of 
foundations when the in situ condition of rock mass is comparable to the above descriptions 
 
q = qu = 2 × c'm× tan(45
! + φ 'm
2
)         (2-19) 
 
where qu is the unconfined compressive strength of intact rock and c'm and φ'm are the Mohr-
Coulomb strength parameters for the shear strength of rock mass. 
When the nearly vertical joints are closed and the spacing of the discontinuities (S) is less 
than the diameter of the foundation (B), the failure of the rock mass under the base of foundation 
will take place by formation of a wedge mechanism. In this case Rock Foundations (1994) 
recommends the solutions proposed by Bell. This solution is shown below 
 
q = c 'm Ncsc +
B
2
γ 'Nγsγ + γ 'DNqsq         (2-20) 
 
where c'm is the cohesion intercept, Nc, Nγ and Nq are the bearing capacity factors that are 
functions of friction angle of the rock mass, sc, sγ and sq are the shape factors, B is the socket 
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diameter, γ' is the effective unit weight of rock mass and D is the embedment depth of the 
foundation base in the rock mass. The cohesion intercept may be ignored for the case of highly 
fractured rock mass (Richards, 1975; Goodman, 1980). The bearing capacity factors can be 
obtained using the following equations 
 
 




Nγ = Nφ × Nφ





Nq = Nφ2            (2-23) 
 

















sq =1+ tanφ 'm           (2-26) 
 
and the following expression can be utilized to obtain the “flow value” (Terzaghi et al., 1996), 
Nφ, that is needed in the above expressions 
 
Nφ = tan
2(45! + φ 'm
2
)           (2-27) 
 
Bishnoi (1968) and Kulhawy and Goodman (1980) suggest that when the joint spacing 
(S) is greater than the socket diameter (B), the failure of the rock mass under the loaded area will 
occur by splitting of rock mass which leads to a general shear failure mechanism. In this case, 
bearing capacity may be evaluated using the following expression 
 
q = J × c'm×Ncr           (2-28) 
 
where J is a correction factor that depends on the ratio of horizontal-discontinuity spacing (S) to 
socket diameter (B) that can be obtained from Figure 2.5. Figure 2.5 is reproduced from Bishnoi 
(1968). c'm is the cohesion intercept in Mohr-Coulomb strength criterion and Nc is a bearing 

















⎟ cotφ 'm− Nφ cotφ 'm+ 2 Nφ       (2-29) 
 
where S is the discontinuity spacing of the vertical joints and B is the foundation diameter and all 
other variables in the above equation are defined previously. 
 
2.3.7 Zhang and Einstein (1998) 
Zhang and Einstein (1998) method is based on a database of 39 drilled shaft load tests in 
mudstone, shale, gypsum, till, diabase, hardpan, sandstone, siltstone, marl and limestone. The 
diameter (B) of drilled shafts in Zhang and Einstein (1998) database ranges from 0.3 m to 1.92 
m, the embedment depth (D) from the ground surface ranges from 1 m to 20.7 m and the 
unconfined compressive strength (qu) of rocks in the database ranges from 0.52 MPa to 55 MPa. 
The qu of the rocks in this database exceeds the upper bound of soft rocks and thus this database 
is a mixture of soft and strong rocks. Six out of 39 load tests reported by Zhang and Einstein 
(1998) were model centrifuge tests that were performed by Leung and Ko (1993) on synthetic 
rock (i.e., mixture of gypsum and cement). Zhang and Einstein (1998) also reports three load 
tests from Carrubba (1997) which were not instrumented and unit tip resistance had to be back-
analyzed using elastic theory. Zhang and Einstein (1998) proposed the following equation for the 
“end bearing capacity” of drilled shafts in rock that is shown below 
 




where q is the end bearing capacity and qu is the unconfined compressive strength of intact rock 
in units of MPa. Zhang and Einstein (1998) concluded that depth of embedment does not have a 
significant effect on the tip resistance of drilled shafts. Zhang and Einstein (1998) also proposed 
that the effect of rock mass condition on tip resistance is implicitly included in their proposed 
design method as this method is based on full-scale field load tests and these load tests are 
affected by the presence of rock discontinuities. Similar to the previous methods, the method of 
Zhang and Einstein (1998) only considers the intact properties of rock and does not account for 
the influence of secondary structure and the size of the foundation. It is also unclear what 
displacements are required for mobilization of the end resistance proposed by Zhang and 
Einstein (1998) and thus compatibility with side resistance may not be checked. 
 
2.3.8 Canadian Geotechnical Society (2006) 
The CGS (2006) method is developed for the purpose of estimation of bearing capacity of 
foundations on sound rock. The CGS defines the sound rock as a rock mass where the spacing of 
discontinuities (S) exceeds 0.3 meters. For the case of a rock mass with favorable conditions, the 
design bearing capacity can be obtained from 
 
q = Ksp × qu            (2-31) 
 
where q is the allowable bearing capacity of foundation, Ksp is an empirical coefficient that 
includes a factor of safety of 3.0 (Ksp that ranges from 0.1 to 0.4) and qu is the unconfined 
compressive strength of intact rock. CGS defines the “favorable conditions” as conditions where 
“i) the rock surface is perpendicular to the foundation, ii) the foundation load has no tangential 
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component and iii) the rock mass has no open discontinuities.” The values of empirical factor Ksp 




10 × 1+ 300ω / S
         (2-32) 
 
where S is the spacing of the discontinuities, ω is the aperture thickness of the discontinuities and 
B is the foundation width. This method is only valid when 0.05 < S/B < 2 and 0 < ω/S < 0.02. 
CGS also recommends a depth factor to allow for potential increase in the bearing capacity of 
foundations with the depth of embedment of foundation base. The depth factor (after Ladanyi 





≤ 3           (2-33) 
 
where DTOR is the embedment in rock (i.e., length of the socket or the distance from the top of 
rock to the tip of drilled shaft) and B is the diameter of the foundation. 
 
2.3.9 Lee et al. (2013) 
Lee et al. (2013) based on the results of parametric studies using numerical models, 
review of the work of previous researchers (i.e., Randolph and Wroth, 1978; Baquelin, 1982; 
Gwizdala, 1984; Jeong et al., 2010) and study of in situ load test data from South Korea 
proposed that the tip resistance in drilled shafts in rock masses is dependent on displacement of 
the tip of drilled shaft, diameter of drilled shaft, rock mass modulus of deformation and the 
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discontinuity spacing. Lee et al. (2013) proposed the following expression for the prediction of 










× Pa          (2-34) 
 
where q is the failure stress at the tip of the drilled shaft in rock units of MPa, S is the 
discontinuity spacing, B is the diameter of the drilled shaft tip and Pa is the atmospheric pressure 
(0.101 MPa).  
Lee et al. (2013) accounts for the rock mass properties and the geometry of the rock 
socket. One of the main limitations of this method is that it was not developed particularly for 
design of drilled shafts in soft rock masses. Additionally, most of the drilled shaft load tests used 
to develop this predictive method were not carried to failure in tip resistance and thus the 
proposed method for q may be conservative. 
 
2.3.10 Stark et al. (2013) 
Stark et al. (2013) complied a database of 33 drilled shaft load tests where the tip stress-
displacement relationships (q-z relationships) were back-calculated from the results of drilled 
shaft and plate load tests. These load tests were conducted mainly in Intermediate Geomaterials 
(IGMs). The rock types in the database included shale and clay-shale, claystone and siltstone. 
The unconfined compressive strength (qu) of the IGMs in this database ranged from 0.34 to 4.2 
MPa. The diameter (B) of the drilled shafts ranged from 0.3 m to 1.82 m. Stark et al. (2013) 
based on drilled shaft load tests in their database, concluded that failure mechanism in the tip 
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resistance is developed at a displacement of 5% of the drilled shaft tip diameter and proposed the 
following method for prediction of the failure stress in tip resistance 
 
q = 2.5× qu × d           (2-35) 
 
where q is the tip failure stress, qu is the unconfined compressive strength and d is the depth 
factor based on the work of Vesic (1973). The depth factor (d) may be obtained from the 
following equation (Vesic, 1973) 
 

























        (2-37) 
 
where DTOR is the embedment of the drilled shaft in the Intermediate Geomaterial and B is the 
drilled shaft diameter. Similar to the other methods reviewed previously, the method of Stark et 




2.4 Load-transfer methods 
The study of the transfer of axial loads to the side and tip of drilled shaft foundations is 
an important aspect of foundation design (Coyle and Reese, 1966). The methods that are 
discussed in the previous sections of this chapter can only be used for evaluation of the strength 
limit state for the foundation. These methods cannot address the serviceability limit state that is 
important in the design of foundations on rock masses where deformations govern the design 
(Goodman, 1980). The load-transfer approach that was introduced by Seed and Reese (1957) can 
effectively account for the compatibility between side and tip of the drilled shaft, it can account 
for the layering and change in the mechanical prosperities of the natural deposits and can provide 
accurate estimates of the settlement of the foundations subject to service loads. In load-transfer 
approach, the stiffness of the shear surface mobilized in the socket walls and the stiffness of the 
tip of drilled shaft may be modeled using nonlinear springs (i.e., t-z and q-z relationships). The 
method is robust because the effects of socket geometry, rock and concrete mechanical 
properties, local displacement, rock/concrete interface characteristics (e.g., socket wall 
roughness) and construction method can be taken into account. The most important advantage of 
the load-transfer method is that it accounts for the nonlinearity of the rock behavior, an important 
aspect of the behavior of weathered and soft rocks that cannot be properly addressed when 
elastic theory (e.g., Kulhawy and Carter, 1992) is used for evaluation of settlement of 
foundations in soft rocks. 
 
2.4.1 Seed and Reese (1957) 
Seed and Reese (1957) were interested in the effects of time on axial capacity and 
distribution of load with depth in driven piles in soft clays. The load distribution along the pile 
54
 
can be estimated by the elastic methods. However, elastic methods are not capable of accounting 
for the nonlinear behavior of the soil and rock (Seed and Reese, 1957). To address this issue, 
Seed and Reese (1957) modeled the pile/clay interface stiffness using the stress-strain 
relationships obtained from vane shear tests that were performed in similar clay. 
Seed and Reese (1957) corrected the shear strength-deformation relationships as obtained 
from the vane shear tests to account for the fact that shearing at the pile/clay interface occurs 
between pile and clay and not clay and clay (i.e., the shearing mode in a vane shear test). Seed 
and Reese introduced the modified (i.e., corrected) vane shear stress-deformation relationships as 
“load-transfer” functions and used these functions to model the behavior of pile/clay interface in 
actual pile load tests. Once the load-transfer function for geomaterial/foundation interface is 
determined, the load distribution along the pile may be obtained from the following differential 








          (2-38) 
 
where P is the load on the pile at depth D, E is the modulus of elasticity (composite modulus of 
elasticity in case of a drilled shaft) and z is the pile movement at depth D (most of the 
nomenclature introduced by Seed and Reese, 1957 was adopted in Equation 2-38). Seed and 
Reese (1957) proposed the following procedure for development of load-distribution along the 
shaft length (procedure below are reproduced and rephrased from Seed and Reese, 1957) 
 
1. “A displacement for the pile tip is assumed. 
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2. The rate of load transfer for the assumed displacement is estimated using the load-
transfer functions. 
3. Using the results in Step (2), the increase in the load in pile is calculated. 
4. Using the area and modulus of elasticity of the pile, the movement corresponding to 
increase in pile load in Step (3) will be estimated. 
5. The computed movement in Step (4) is compared with the assumed displacement of Step 
(1). If the computed and assumed pile displacements are not in agreement, Steps (1) 
through (4) will be repeated until the problem converges.” 
 
Seed and Reese (1957) does not provide any recommendations for the load-transfer 
function for tip resistance. It should be emphasized, however, that the method of Seed and Reese 
(1957) could be extended to the case of a complete drilled shaft and/or pile if load transfer-
functions for tip resistance can be evaluated. Although the method of Seed and Reese (1957) was 
developed for piles in soft clay, the framework proposed has been successfully applied to 
different foundation problems and the method has proven to be robust and accurate. 
 
2.4.2 Coyle and Reese (1966) 
Coyle and Reese (1966) developed load-transfer functions for unit side resistance of piles 
in clay. This method is based on the results of pile load tests in field and laboratory model pile 
load tests. In situ load tests were obtained from three sources: i) load tests by Seed and Reese 
(1957) in San Francisco Bay area that were embedded in clay and the diameter of the piles were 
6 inches (152.4 mm) and the pile lengths were 22 feet (6.7 m), the pile was cased through the 
overburden at the load test site, ii) the tests by Francis et al. (1961) that were performed in 
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Melbourne, Australia, the pile was 80 feet (24.4 m) and had a rectangular cross-sectional area 
and the load tests did not reach failure in side resistance and iii) load tests by Schlett (1950) were 
conducted in Omaha, Nebraska where the pile was 55 feet (16.8 m) long and was embedded in 
clay. Coyle and Reese normalized the shear stress at the pile/clay interface with the shear 
strength of the clay. They compiled the normalized shear stress at the interface as a function of 
the local pile displacement. Based on the analysis of field load tests, they concluded that the 
load-transfer function is controlled by the depth of embedment and shear strength of the soil. 
To further verify their method, Coyle and Reese conducted laboratory model pile load 
tests in triaxial cells. The piles were hollow tubes, the soil was a calcareous clay and was derived 
from the Taylor Marl formation in Austin, Texas, the Liquid limit of the soil was 75% and the 
Plastic Limit was 28%. Different values of confining pressure were used to simulate the effect of 
depth of embedment and different degrees of pile interface roughness were used to investigate 
the effect of interface roughness on the location of shear surface along the pile/clay interface. 
Test results showed that the capacity depends on the depth of embedment until it reaches a 
limiting value after which the unit side resistance will remain more or less a constant. Coyle and 
Reese also observed that increasing the roughness of the pile shifts the location of the shear 
surface from the pile/clay interface to within the clay in which case the full shear strength of clay 
is mobilized. This observation is also in agreement with findings of Williams (1980) and Hassan 
(1994). 
Coyle and Reese (1966) used the results of field and laboratory load tests to develop 
recommendations for predicting load-transfer functions for driven piles in similar subsurface 
conditions. They maintained that a single load-transfer function for the entire pile leads to 
erroneous predictions of load-displacement. They recommended a family of load-transfer 
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functions for the analysis of load deflection of piles, where a load-transfer function is developed 
for each depth along the side of shaft. 
 
2.4.3 Randolph and Wroth (1978) 
Randolph and Wroth (1978) idealized the vertical deformation of the soil/pile interface 
and the vertical deformation of adjacent soil by the deformation of a family of concentric soil 
cylinders surrounding the pile or drilled shafts foundation. This method has been validated by 
Cooke (1974), Frank (1974) and Baguelin et al. (1975). Randolph and Wroth (1978) proposed 
that the load-displacement of a drilled shaft or pile is dependent on the load applied to the pile, 
length of the foundation, radius of the foundation, modulus of elasticity of the foundation and 
shear modulus and Poisson’s ratio of the soil. The method of Randolph and Wroth (1978) is 
theoretical and the proposed relationship for prediction of load-transfer function for side 
resistance is shown below 
 







⎠⎟           (2-39) 
 
where z is the local shear displacement at the foundation/soil interface, fs is the shear stress at the 
pile/soil interface, r is the radius of the pile, G is the shear modulus of the soil or rock, rm is a 
radial distance at which the soil shear stress induced by the pile loading will approach zero. 
Randolph and Wroth (1978) proposed that the action of the pile at its tip is similar to a rigid 
punch and as such they recommended the solution proposed by Timoshenko and Goodier (1970) 





Qb × (1− ν)
4× r ×G
ηembed           (2-40) 
 
where Qb is the load at the tip of the pile, ν is the Poisson’s ratio of the pile, ηembed is a correction 
factor for the depth of embedment, r is the radius of the pile or drilled shaft and G is the shear 
modulus of soil or rock. 
 
2.4.4 Williams (1980) 
Williams (1980) developed a load-transfer function that is based on the results of field 
load tests in Melbourne Siltstone where side and tip resistance were directly measured. Most of 
the drilled shafts used in Williams (1980) research were model load tests and were performed at 
a limited number of test sites. The siltstone at the load test site is commonly weathered to highly 
weathered, the diameter (B) of drilled shafts in Williams load test program ranges from 0.335 
meters to 1.35 meters and the embedment depth in the soft rock for these drilled shafts is 
commonly less than 2 meters. It must be noted that the ground surface and top of soft rock 
coincided in most of load tests performed by Williams (1980). 
Williams (1980) proposed a framework for normalization of t-z and q-z relationships 
(i.e., load-transfer functions for side and tip resistance, respectively) for drilled shafts in soft 
rock. The normalization method of Williams (1980), with particular attention to tip resistance, is 
shown in Figure 2.6. Williams (1980) method first predicts the load-displacement response of the 
foundation using an elastic method. Williams (1980) does not propose a method that could be 
specifically used for drilled shafts in soft rock. Williams (1980), however, realizes that the 
behavior of actual drilled shafts in weathered rocks is highly nonlinear. To account for the effect 
of nonlinearity observed in the field for back-calculated t-z or q-z relationships, Williams (1980) 
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defined a plastic stress, fp or qp (for side and tip, respectively), at each increment of axial 
displacement which is described in mathematical form for side and tip resistance in equations 2-
41a and 2-41b, respectively: 
 




qp = qe − q            (2-41b) 
 
where fe and qe are the predicted values of side and tip stresses based on the elastic theory at any 
given value of local displacement along the side and near the tip of foundation, respectively, and 
f and q are the corresponding values from the field “nonlinear” load-transfer functions for side 
and tip resistance, respectively. Williams (1980) then normalized the values of fp and qp, and fe 
and qe with the peak interface shear strength and ultimate tip resistance and developed a 
predictive relationship similar to that shown in Figure 2.7. Figure 2.7 is an updated version of 
Williams (1980) proposed frames using additional data for tip resistance that are collected in this 
study from the published literature (data are reported in Chapter 3 or Appendices A and B). The 
qe values in this figure are normalized using the yield stress (qy) of the rock mass that is an 
alternative to what was proposed by Williams (1980) and will be explained in more detail in 
subsequent chapters (i.e., Chapter 10). A similar relationship may be developed for the side 
resistance t-z relationships. The method of Williams (1980) for normalization of load-transfer 
functions of drilled shafts in soft rock is a novel approach for prediction of load-transfer 
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functions. This method will be used in Chapter 10 to develop a framework for q-z relationship. It 
is expected that this method will perform better than other normalizations methods proposed in 
the literature (e.g., O’Neill and Reese, 1999) mainly because it is mechanistic and the 
normalization is performed using fundamental rock and foundation properties. 
 
2.4.5 Kraft et al. (1981) 
Kraft et al. (1981) proposed a semi-empirical method for the load-transfer function for 
side and a theoretical method for the load-transfer function for tip of drilled shafts. The side 
resistance load-transfer function (i.e., t-z relationship) is semi-empirical. The initial zone of the t-
z relationship (pre-peak range) is theoretical and can be obtained from the following expression 
(Kraft et al., 1981) 
 






∫           (2-42) 
 
where z is the vertical foundation displacement, fs is the shear stress at the foundation/soil 
interface, r is the radius of the foundation, G is shear modulus of the soil or rock that is assumed 
to be a function of radial distance from the axis of foundation and rm is “some radial distance 
from the center of the foundation at which the foundation induced shear stresses in soil or rock 
approaches zero” (Kraft et al., 1981). Kraft et al. (1981) proposed that if the shear modulus (G) 
of soil or rock can be assumed to be constant with radial distance from the center of the 











⎠⎟           (2-43) 
 
The post-peak zone of the load-transfer function for side resistance is based on observed 
behavior of the interfaces in the laboratory direct shear tests. Therefore, Kraft et al. (1981) 
method may not be used unless case-specific direct shear tests are available that can be used to 
construct the post-peak behavior of drilled shaft. It is also known based on the recent research at 
the Monash University and that of Vesic (1963) that the normal stress at the rock socket wall will 
change as the pile moves under the applied axial loads. Therefore, modeling of the post-peak 
region using direct shear tests where the normal stress is a constant is a limitation of the 
proposed method of Kraft et al. (1981). 
Kraft et al. (1981) proposed the solution of an elastic punch (Timoshenko and Goodier, 
1970) for prediction of the load-transfer function for the pile tip. This solution is provided below 
(Timoshenko and Goodier, 1970; Kraft et al., 1981) 
 
z = q ×B× (1− ν
2 )
Em
ηembed          (2-44) 
 
where z is the displacement of drilled shaft tip, q is the tip contact pressure, B is the diameter of 
the foundation, ν is the Poisson’s ratio of soil or rock, Em is the modulus of elasticity of the soil 




2.4.6 Hirayama (1990) 
Hirayama (1990) method is based on the modeling of the load-transfer function for unit 
side resistance and tip resistance using a “two-constant” Hyperbolic model. The general 




af + bf z






           (2-45b) 
 
where fs and q are the unit side and tip resistance of drilled shaft and af, bf, aq and bq are the 
constants that define the shape of the hyperbolic function. 
Hirayama relates the “a” and “b” constants to the “ultimate” side and tip resistance of 
drilled shaft. The peak side resistance of drilled shafts in soft rock can be estimated using the 
available predictive models for the unit side resistance of drilled shafts in soft rock. In the case of 
tip resistance, however, the majority of field load tests have not been carried to failure and thus 
reliable methods for prediction of failure stress in tip resistance of drilled shafts in soft rock are 
not available. This is an important limitation of Hirayama’s method. Hirayama (1990) does not 
account for the difference between peak side or ultimate tip resistance predicted from the 
hyperbolic model and the actual measured values, and thus does not use a fitting ratio (Mesri et 
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al., 1981; Terzaghi et al., 1996) (Rf) that has been used to account for this difference between the 
back-calculated and theoretical values. 
 
2.4.7 Hassan et al. (1997) 
Hassan et al. (1997) proposed load-transfer functions that are based on the results of 
finite element analysis. The load-transfer functions of Hassan et al. (1997) are developed for 
drilled shafts in soft rock. The method distinguishes between rough and smooth sockets. 
Guidelines for selection of peak unit side resistance are provided by Hassan (1994) and they 
were discussed in the previous sections of this chapter. Hassan et al. (1997) recognized the 
differences in side shear mobilization in the elastic and post-peak ranges and proposed different 
equations for side resistance in each range. For elastic range (i.e., before full-slip), the following 
expression may be used (Hassan et al., 1997) 
 
fs =Θf × fsp            (2-46) 
 
and the following expression can be used for post-peak condition (Hassan et al., 1997) 
 
fs = kf × fsp            (2-47) 
 
where fs is the mobilized unit side resistance, kf and Θf are correction factors that account for 
mobilization of unit side resistance and are functions of displacement and fsp is the peak unit side 






π × L× Γ × fsp




kf = n +
(Θf − n)(1− n)
Θf − 2n +1
















































+ 0.13       (2-51) 
 
where L is the socket length, B is diameter of the socket, Em is the modulus of deformation of 
rock mass, Ec is the modulus of elasticity of the shaft concrete, zt is settlement at the top of the 
socket, n is the elastic limit ratio and can be obtained from Hassan et al. (1997). Hassan et al. 
also developed load-transfer functions for tip resistance of drilled shaft in soft rock. This load-
transfer-function is based on the results of finite element numerical models (FEM). The 




q = Λ × zt





















































      (2-53) 
 
All of the other variable in the above equations are defined in the previous sections. 
 
2.4.8 Seol et al. (2009) 
The method of Seol et al. (2009) is based on a limited number of laboratory Constant 
Normal Stiffness (CNS) direct shear tests. In a CNS direct shear test, the stiffness of the 
surrounding rock mass is modeled by a spring whose stiffness depends on the modulus of 
deformation of rock mass and the diameter of the rock socket whose behavior is being modeled. 
Seol et al. (2009) proposed a simplified load-transfer function that consists of 3 zones: “i) an 
elastic zone where the normal stresses at the rock/concrete boundary are constant because the 
socket is still elastic and that no slip has occurred at the rock/concrete interface, ii) an elasto-
plastic zone where the interface will dilate due to the presence of the surface irregularities and 
iii) plastic zone where normal stresses and shear stress are maintained or reduced.” The elastic 
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The expression for unit side resistance in elasto-platic region is given as follows (Seol et 
al., 2009) 
 
fs = A × qu ×

















       (2-55) 
 
and for the plastic or the final portion is given by (Seol et al., 2009) 
 
fs = fsp            (2-56) 
 
where fsp is the peak shear stress of the interface. The general shape of the load transfer function 
of Seol et al. (2009) is shown in Figure 2.8. This proposed shape of the load-transfer function 
does not resemble the shape of t-z relationships that are back-calculated from in situ load tests 
(see t-z relationships for 317 load test case histories presented in Chapter 3 and Appendix B). In 
general, the t-z relationships’ initial part is steep (stiff) that is followed by the achievement of a 
peak side resistance after which the shear stress on the mobilized shear surface may remain 




2.4.9 Gupta (2012) 
Gupta (2012) proposed a hyperbolic model for prediction of load-transfer function for 
side resistance (t-z relationship) of drilled shaft foundations. The model of Gupta (2012) for side 









       (2-57) 
 
where fs is the mobilized unit side resistance, fsp is the peak side resistance, z is the axial 
displacement of the drilled shaft, B is the diameter of drilled shaft, L is the embedded length of 
the pile, ν is the Poisson’s ratio of rock mass, Rf is the fitting ratio (after Mesri et al., 1981; 
Terzaghi et al., 1996) and G is the shear modulus of rock mass. Gupta (2012) recommends the 
provisions of AASHTO for determination of the peak side resistance of the rock/concrete 
interface and modulus of deformation of rock mass. Gupta (2012) does not provide any 
recommendations for the prediction of load-transfer function for tip resistance of drilled shafts. 
 
2.4.10 Stark et al. (2013) 
Stark et al. (2013) complied a database of 33 drilled shaft load tests where the tip stress-
displacement relationships (q-z relationships) were back-calculated from the in situ load tests. 
These load tests were conducted mainly in Intermediate Geomaterials (IGMs). The rock types in 
the database included shale and clay-shale, claystone and siltstone. The unconfined compressive 
strength (qu) of the IGMs in the database ranged from 0.34 to 4.2 MPa. The diameter (B) of the 
drilled shafts ranged from 0.3 m to 1.82 m. Stark et al. (2013) developed a predictive q-z 
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relationship that accounted for the size of the foundation, depth of embedment of the base of the 
foundation, displacement of the foundation and the unconfined compressive strength of the intact 
rock specimens. The method of Stark et al. (2013) is shown below 
 
q = 3.2 × z / B
z / B+1.3
× qu × dc ≤ 2.5× qu × dc        (2-58) 
 
where q is the end stress, z is the displacement at the tip of the drilled shaft, B is the drilled shaft 
diameter, qu is the unconfined compressive strength and dc is the depth factor based on the work 
of Vesic (1973). The depth factor may be obtained from the following equations (Vesic, 1973) 
 

























        (2-60) 
 
where DTOR is the embedment of drilled shaft in the Intermediate Geomaterial. Similar to the 
other methods reviewed previously, the method of Stark et al. (2013) does not account for the 
condition of rock mass that becomes important in the calculation of the deformability of 
foundations on weathered and soft rock masses. It must be noted that the upper bound in 
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Equation 2-58 corresponds to a tip displacement of 5% of drilled shaft diameter that Stark et al. 
(2013) used to define the failure condition in tip resistance. 
 
2.4.11 Lee et al. (2013) 
Lee et al. (2013) developed a theoretical q-z relationship that was based on the parametric 
studies that were performed using numerical models. The parametric studies that Lee et al. 
(2013) performed revealed that the tip resistance in drilled shafts in rock masses is dependent on 
displacement of the tip of the drilled shaft, diameter of the drilled shaft, rock mass modulus and 
the discontinuity spacing. Lee et al. (2013) proposed a hyperbolic model for the prediction of the 
q-z relationships for drilled shafts in rock masses. The model of Lee et al. (2013) is shown below 
 
q = z
1/ Kn + z / qf
          (2-61) 
 
where q is the mobilized tip resistance, z is the displacement at the tip of drilled shaft, Kn is the 
initial normal stiffness and qf is the tip contact pressure that will cause a bearing capacity failure 
in the rock immediately under the tip of drilled shaft. Lee et al. (2013) based on the results of 
numerical analysis, review of the work of previous researchers (i.e., Randolph and Wroth, 1978; 
Baquelin, 1982; Gwizdala, 1984; Jeong et al., 2010) and regression analysis of in situ load test 
data from South Korea proposed the following expression for the prediction of the initial normal 





















where Kn is the initial normal stiffness at the tip of drilled shaft in units of MPa/mm, Em is the 
modulus of deformation of rock mass, S is the discontinuity spacing, B is the diameter of the 
drilled shaft tip, Bref = 1.0 m and Pa is the atmospheric pressure (0.101 MPa). Lee et al. (2013) 
also proposed the following expression for the failure stress in tip of drilled shafts in rock 
 








× Pa          (2-63) 
 
where qf is the failure stress for the rock in the immediate vicinity of the drilled shaft tip and all 
other variables have been defined previously. It should be noted that the method of Lee et al. 
(2013) is the most comprehensive q-z approach that is proposed because it draws on the work of 
previous workers, results of numerical analysis and field load tests. This method also accounts 
for the effect of condition of rock mass, intact properties of the rock and the geometry of the rock 
socket on the stress-displacement response of the drilled shaft in rock. One of the main 
limitations of this method is that it was not developed particularly for design of drilled shafts in 
soft rock masses. Most of the drilled shaft load tests used to develop the predictive methods for 
failure stress in tip resistance, qf, were not actually carried to failure in tip resistance thus the 
proposed method for q-z relationship may be conservative. 
 
2.4.12 Bohn et al. (2017) 
Bohn et al. (2017) proposed load-transfer functions for displacement and non-
displacement piles. These load-transfer predictive models are based on a total of 50 instrumented 
pile load tests. Only 11 of these pile load tests were conducted on piles in soft rock masses. 
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Although, Bohn et al. (2017) proposed models are not applicable to drilled shaft foundations, the 
following should be noted if Bohn et al. approach is to be used in development of similar load 
transfer models for drilled shafts in soft rock masses: 
 
1. The database used by Bohn et al. (2017) contains a limited number of load tests (10 non-
displacement piles in fine grained soil, 1 non-displacement pile in coarse grained soil, 5 
non-displacement piles in soft rock mass, 9 displacement piles in fine grained soil, 19 
displacement piles in coarse grained soils and 6 displacement piles in soft rock masses). 
It can be seen that the number of load tests in each soil/rock type is very limited. The 
accuracy of the proposed models is heavily dependent on the number data points in the 
database used for calibration of the model parameters (Gardoni et al., 2002). Therefore, it 
is recommended that larger databases should be used in development of predictive 
models. 
2. Bohn et al. (2017) proposed two types of mathematical functions for development of 
load-transfer functions, namely cubic root curves and hyperbolic curves. 
3. The cubic root curves have a number of limitations that should be noted: i) Bohn et al. 
(2017) proposed that the initial normal stiffness in tip resistance and initial shear stiffness 
for side of piles should be infinity when cubic root curves are used to model t-z and q-z 
relationships. The back-calculated initial normal stiffness in tip and initial shear stiffness 
in side for drilled shafts in soft rock in Appendices A and B, however, indicates that this 
assumption is incorrect for drilled shafts in soft rock due to the presence of joints and 
fissures that results in initial slopes that deviate from the proposed infinite slope, ii) Bohn 
et al. (2017) suggests that peak resistance is reached after a certain amount of 
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displacement with no post-peak softening in side resistance and no strength hardening for 
tip resistance. Analysis of drilled shaft load tests in Appendices A and B show that these 
assumptions are not generally true for drilled shaft in soft rock masses and iii) Bohn et al. 
(2017) proposed that the displacement to peak side resistance is a fixed number and that 
the displacement to peak tip resistance is only a function of drilled shaft diameter. 
Analysis of load tests data in Appendices A and B shows that these statements are not 
accurate for drilled shafts in soft rock because other factors are known to affect the 
displacement to mobilization of tip and side resistance. 
4. The hyperbolic curves have a number of limitations that should be noted: i) the models 
are only based on intact properties. It is known that behavior of drilled shafts also depend 
on the properties of the rock mass and ii) the initial slope of the q-z and t-z curves (i.e., 
the initial normal stiffness in tip resistance and initial shear stiffness in side resistance) 
are based on the foundation diameter (Bohn et al., 2017) while it is known, based on the 
analysis of drilled shaft load tests in soft rock, that initial slopes in addition to drilled 
shaft geometry, are functions of intact and mass properties of soft rock mass. 
 
2.5 Concluding Remarks 
Predictive models for peak side resistance, tip resistance and load-transfer functions 
proposed by different investigators are reviewed. For each design method, the details of the load 
test database are discussed if the method is of an empirical nature. If method is based on 
theoretical background, the details of the theory used in the development of the model are 
reviewed and discussed. In summary, the following can be learned from the review of previous 




1. The existing drilled shaft load test databases contain a limited number of drilled shaft 
load tests. These databases commonly contain drilled shaft load tests in soft and strong 
rocks and have rarely been developed for study of drilled shafts in “soft” rock masses. 
Moreover, these databases commonly include drilled shaft load tests from one site and 
were often compiled with the purpose of developing site-specific design models. 
2. The drilled shaft load test results are inadequately documented in the existing databases. 
These databases commonly do not include the t-z and q-z relationships for their drilled 
shaft load tests. The rock profile and the drilled shaft geometry and the method of 
construction are also not well documented. The construction method and condition of the 
shear surface for side of drilled shafts and tip of drilled shafts are not documented 
properly as well. 
3. The secondary structure and the weathering condition of soft rock masses at drilled shaft 
load test sites in existing databases are not described in detail and are not quantified. Data 
on rock “mass” properties are not often reported and in most cases, the only rock property 
reported is the unconfined compressive strength (qu) of intact rock. 
4. Only a limited number of studies have been conducted on the behavior of drilled shafts in 
soft rock mass. Most of these studies are empirical and were only concerned with a 
particular rock formation and thus led to development of “site-specific” empirical 
methods. 
5. The theoretical models are commonly based on the laboratory experiments. Performance 
of these methods in relation to prediction of behavior of foundations in rock masses has 
not been properly evaluated. 
74
 
6. The current design methods do not account for strain compatibility between side and tip 
resistance. It will be shown later that the displacement required for mobilization of failure 
mechanism in tip resistance is on the order of 10 to 20% of drilled shaft diameter while 
peak side resistance is often developed in displacements less than 1% of drilled shaft 
diameter (Dai et al., 2016). Therefore, a drilled shaft should not be designed 
simultaneously for the condition of failure in side and tip resistance because these are 
mobilized at different displacements unless the post-peak drop in side resistance could be 
shown to be small or one of the components of resistance (i.e., tip or side) is ignored in 
design. This becomes especially important in situations where the shear surface in drilled 
shaft walls is relatively smooth. This is because at displacements larger than 1% of shaft 
diameter, the drilled shaft will suffer substantial loss of side resistance as a result of wear 
of shear surface roughness. Thus, often the full side resistance will not be available when 
failure in tip resistance is achieved. 
7. The load-transfer models for drilled shafts in rock are mostly theoretical and were not 
developed based on drilled shaft load tests in soft rock mass. 
8. The predictive models for side and tip resistance are deterministic. The uncertainty in 
these models cannot be fully quantified. These models are not suitable for use in 
reliability analysis and thus the uncertainties in the predictions of these models are not 









Table 2.1 Values of material constants m and s based on the work of Hoek (1983). Values in 











m value as function of rock type 
A B C D E 
Excellent > 3 m, intact 100 500 1 7 10 15 17 25 
Very good 1-3 m, 
interlocking 
85 100 0.1 3.5 5 7.5 8.5 12.5 
Good 1-3 m, slightly 
weathered 
65 10 0.004 0.7 1 1.5 1.7 2.5 
Fair 0.3-1 m, 
moderately 
weathered 
44 1 10-4 0.14 0.2 0.3 0.34 0.5 
Poor 30-500 mm, 
weathered with 
gouge 
23 0.1 10-5 0.04 0.05 0.08 0.09 0.13 
Very poor < 50 mm, heavily 
weathered 









Figure 2.1 Design method of Rosenberg and Journeaux (1976) (data from Rosenberg and 









Figure 2.2 Predictive model of Williams (1980) for prediction of peak shear stress in drilled 









Figure 2.3 Design method of Seidel and Collingwood (2001). The design method can be 
used by calculating a unique value of SRC for the drilled shaft being designed. 
The designer may then enter the design chart with the value of unconfined 
compressive strength of intact rock in the vicinity of the rock socket wall and the 
corresponding value of SRC to obtain α reduction factor (i.e., adhesion factor as 









Figure 2.4 Method of Carter and Kulhawy (1988) for the end resistance of foundations on 












Figure 2.6 Normalization method developed by Williams (1980) (Figure after Williams, 






Figure 2.7 Empirical method of Williams (1980) (modified) for prediction of qp for the 
purpose of determination of non-linear load-transfer functions for tip resistance 
(all data from the tip resistance database in Appendix A or Chapter 3 that is 
compiled from literature, normalization method after Williams, 1980 with 
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IN SITU DRILLED SHAFT AND PLATE LOAD TESTS 
IN SOFT ROCK MASS 
 
3.1 Introduction 
Drilled shaft foundations are used for the support of structures that carry heavy loads 
such as multi-story buildings and long-span bridges. Therefore, accurate determination of axial 
resistance and settlement of drilled shafts is a prerequisite to construction and implementation of 
these foundations. The performance of drilled shaft foundations can be evaluated using four 
different methods. According to Coduto (2001), these methods are: “i) full-scale load tests, ii) 
model or small-scale load tests, iii) limit equilibrium analysis and iv) numerical models.” 
The most accurate approach for the evaluation of the axial performance of drilled shafts 
is by back-analysis of the results of axial full-scale drilled shaft load tests. Load testing of drilled 
shafts, however, has proven to be expensive and time consuming. Therefore, empirical or semi-
empirical predictive methods have been developed based on the results of existing drilled shaft 
load tests summarized in “Load Test Databases” (e.g., Rosenberg and Journeaux, 1976; Horvath 
and Kenney, 1979; Williams, 1980; Rowe and Armitage, 1984; Hassan, 1994; Collingwood, 
2000; Paikowsky et al., 2004; Kirkit, 2009; Paikowsky et al., 2010; Stark et al., 2013; Choi et al., 
2015; all State DOT databases discussed in subsequent sections of this chapter). These load test 
databases have been complied by different individuals or agencies such as the Federal Highway 
Administration or different State Department of Transpositions. Additionally, these databases are 
commonly used for development of resistance factors for use in probabilistic limit state design 
frameworks (e.g., Load and Resistance Factor Design, LRFD). 
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Model or small-scale load tests are performed to ease the cost of a full-scale load tests.  
There has been much debate in the technical literature (e.g., Horvath and Kenney, 1979; Zhang 
and Einstein, 1998; Collingwood, 2000) on the applicability and reliability of these test methods 
for determination of the axial behavior of drilled shafts. Small-scale load tests can lead to 
overestimation of the tip resistance or overestimation of side resistance of drilled shafts in soft 
rock because they affect a small volume of the rock mass and thus design models developed 
based on such load tests must account for the effect of foundation size. However, the use of 
smaller diameter drilled shafts in actual projects is common (e.g., drilled shaft groups for support 
of bridge abutments) and knowledge of their behavior may be obtained by the study of the load 
test results for small-scale drilled shafts. A comprehensive load test database therefore has to 
contain all sizes of drilled shafts to allow for study of the size effect on the behavior of drilled 
shaft foundations in soft rocks. 
Limit equilibrium analysis (e.g., Terzaghi, 1943; Skempton, 1951; Meyerhof, 1951; 
Meyerhof, 1955; Berezantzev et al., 1961) is another approach that is commonly used in the 
study of the axial behavior of drilled shaft foundations in soft rock. The main limitation of this 
method is that it assumes a failure mechanism for the rock mass in the immediate vicinity of the 
loaded area. If the actual in situ failure mechanism deviates form that assumed in the limit 
equilibrium analysis, the solution will be in error. The mode of failure and the shape of the 
failure mechanism for the soft rock mass under drilled shaft tip are not well understood because 
many of the load tests that are available have not been carried to failure. The only observations 
available are those made by Williams (1980) for the results of load tests in Sydney Siltstone 
where Williams observed punching shear failure or a partial general shear failure. Williams 
(1980) did not observe the full failure mechanism that is the main assumption in many limit 
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equilibrium methods (e.g., Terzaghi, 1943 general shear failure mechanism). Unless the exact 
failure mechanism is understood, the use of a limit equilibrium approach will not offer any 
advantage over the more simple empirical methods that are available for the design of drilled 
shafts in soft rock masses. In relation to the side resistance of drilled shafts in soft rock, it is 
typically assumed that the shear surface is mainly at the interface of rock and concrete (e.g., 
Seidel, 1993) when the limit equilibrium analysis is used to study the side resistance of drilled 
shafts in soft rock as has extensively been done by researchers at the Monash University. 
Observations of Williams (1980) and numerical modeling by Hassan (1994), however, have 
shown that shear surface may very well form in the adjacent soft rock and not at the 
rock/concrete interface as is typically assumed in solutions based on limit equilibrium analysis. 
This is particularly true for rock sockets with rough rock/concrete interfaces (Hassan, 1994). 
Numerical models have been used for the study of complex problems for foundations in 
rock masses. These methods use soil or rock constitutive models (e.g., models that are available 
in PLAXIS computer program). More advanced models such as FLAC provide more flexibility 
in terms of the available soil or rock models and allow for the user to formulate their own 
constitutive model. These models constitute numerous assumptions and their required input 
parameters are not readily available. For example none of existing FEM methods is capable of 
modeling the random roughness pattern of the rock/concrete interface for drilled shafts in soft 
rock. The roughness of the interface is modeled by applying reduction factors to the strength 
parameters for the rock that surrounds the drilled shafts. Analysis of laboratory constant normal 
stiffness (CNS) direct shear tests has shown that the roughness of the soft rock/concrete interface 
in drilled shafts to greatly influence the axial performance of drilled shafts in soft rock masses if 
the failure surface coincides with the rock/concrete interface. This is because the roughness will 
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dominate the dilation of the rock/concrete interface and thus the normal stress at the interface 
(Lam, 1983; Haberfield, 1987; Johston and Lam, 1989; Kodikara, 1989; Seidel, 1993; 
Collingwood, 2000). However, this conclusion is only true if the shear surface is at the 
rock/concrete interface. Moreover, the numerical model solutions’ are limited by the accuracy to 
which their input parameters (i.e., soil strength and elastic parameters) could be estimated. 
Therefore, the numerical methods that are not able to correctly capture the interface roughness 
characteristics or other characteristics of the drilled shaft and/or surrounding rock mass provide 
no advantage over limit equilibrium analysis or semi-empirical methods and may lead to the 
flawed conclusions if they are used without caution and if the outputs are not compared with in 
situ data to verify the validity of the results. 
The limitations of numerical methods and the limit equilibrium approach is an impetus 
for the use of the in situ load tests for the study of behavior of drilled shafts in soft rock and this 
approach is adopted in this study. In the subsequent sections of this chapter, the existing drilled 
shaft load test databases are reviewed and the limitations of each database in relation to the study 
of performance of drilled shafts in soft rock masses are discussed. Next, the databases complied 
in this study are introduced and discussed. The load test methods for case histories in this 
database are summarized. This chapter will conclude with a discussion of the rock types and the 
properties of the rock formations that are present at each drilled shaft or plate load test site. All 
load tests reported herein are collected from the literature and are discussed in detail in 




3.2 Current Drilled Shaft Axial Load Test Databases 
Drilled shaft load test databases are important because they provide valuable information 
about the field performance and behavior of drilled shafts. Previous investigators have compiled 
a significant number of databases. These databases are often developed for a wide range of soil 
or rock types or construction methods and rarely are focused on a particular soil or rock type. 
These databases have been reviewed in the literature by other investigators (e.g., Abu-Hejleh et 
al., 2015). In the following sections, the databases that were compiled for the study of the axial 
performance of drilled shafts in rock and in particular soft rocks are reviewed and discussed. 
 
3.2.1 State drilled shaft load test databases 
Drilled shaft load test databases can be used for evaluation of the existing design methods 
that is of great value to the design agencies such as State Department of Transportations. The 
information contained in such databases have been also used for development of resistance 
factors that are required for design using a Load and Resistance Factor Design (i.e., LRFD) 
framework by Paikowsky et al. (2004, 2010) and other researchers who performed work for the 
State agencies. These databases, however, commonly do not contain detailed information on the 
condition of rock mass and the load-displacement data for the tests that they contain. 
 
3.2.1.1 FHWA deep foundation load test database (DFLTD) 
The FHWA load test database (DFLTD) contains the results of more than 1307 deep 
foundation axial load tests (Abu-Hejleh et al., 2015). The contents of the DFLTD are 
summarized by Abu-Hejleh et al. (2015) (see Table 3.1). The DFLTD only includes axial load 
test data from different locations within the Unite States. The foundation types include both 
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drilled shafts and driven piles. This database includes 371 drilled shaft load tests in different 
types of soils and rocks. This database includes a limited number of drilled shaft load tests in 
rocks. Due to the limited number of load tests in rocks, it is not suitable for study of axial 
resistance and deformability of drilled shafts in soft rock formations. 
 
3.2.1.2 NCHRP report 507 
Paikowsky et al. (2004) collected a database that includes both driven piles and drilled 
shaft load tests. The driven pile database is outside of the scope of this study and will not be 
discussed. The drilled shaft load test database that was reported in Paikowsky et al. (2004) 
includes 256 case histories involving axial load tests on drilled shafts. Paikowsky et al. (2004) 
drilled shaft database is a compilation of the databases that were originally collected by the 
Florida Department of Transportation, the Federal Highway Administration and O’Neill et al. 
(1996). The drilled shafts in this database are constructed in sand, clay and rock. The database 
includes only eight drilled shaft load tests in rock, 40 drilled shaft load tests in sand and rock, 30 
load tests in clay and rock and five load tests in mixed soils and rock. 
 
3.2.1.3 NCHRP report 651 
Paikowsky et al. (2010) developed a number of databases, one of which is of interest to 
this study. The database of reference contains results of 122 load tests on shallow foundations in 
soft to strong rock masses. The database includes information on the measured tip resistance and 
the corresponding displacements, quantitative information on the rock mass condition, drilled 
shaft geometry and the location of the test shaft. This database, however, does not include the tip 
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stress-displacement relationships for any of the case histories discussed in the database and may 
not be used directly for the analysis of behavior of drilled shafts in soft rock masses. 
 
3.2.1.4 Florida database 
The Florida Department of Transportation and the University of Florida collected two 
large databases of deep foundation load tests (Abu-Hejleh et al., 2015): i) the FL Database and ii) 
the Deep Foundations Database. The FL database includes about 120 drilled shaft load test case 
records. The Deep Foundations Database includes a total of 627 load tests on driven piles and 
drilled shafts. 
 
3.2.1.5 California database 
According to Abu-Hejleh et al. (2015), Professor Roy Olson of the University of Texas at 
Austin has complied a large database that includes load tests that were conducted in California. 
Caltrans also has a large number of load test results (Abu-Hejleh et al. 2015). According to Abu-
Hejleh et al. (2015), “Caltrans tested many different kinds of piles: Cast in place Drilled hole 
concrete piles, all types of driven and concrete piles, CISS (cast in steel shell) and a wide variety 
of micropiles.” 
 
3.2.1.6 Iowa database 
The Iowa database for drilled shafts (DSHAFT) only includes a small number of drilled 
shaft load tests. The total number of load tests in this collection is 38. The number of drilled 




3.2.1.7 Louisiana database 
The Louisiana database for drilled shafts only includes 26 drilled shaft load test case 
histories (Abu-Hejleh et al., 2015). This database includes load tests on drilled shafts of different 
length and diameter that are collected from Louisiana and Mississippi DOTs highway projects 
(Abu-Hejleh et al., 2015). Twenty-two drilled shafts were tested using Osterberg method and 
four drilled shafts were tested using the conventional top-down static load test method (Abu-
Farsakh et al., 2012). 
 
3.2.1.8 Illinois database 
A drilled shaft load test database was first reported in Stark et al. (2013). The database 
includes the results of axial load tests in Intermediate Goematerials, IGMs (i.e., 0.5 MPa < qu < 5 
MPa). Fifty-four values of measured unit side resistance and 33 values of measured tip resistance 
are reported in the database of Stark et al. (2013). This database is unique because it only 
includes load tests in IGMs. The majority of rocks in this database are sedimentary and are clay- 
and silt-based. 
 
3.2.2 Private drilled shaft load test databases 
A number of researchers (Rosenberg and Journeaux, 1976; Horvath and Kenny, 1979; 
Williams, 1980; Rowe and Armitage, 1984; Hassan, 1994; Collingwood, 2000; Kirkit, 2009; 
Choi et al., 2015) have collected drilled shaft load test data and have compiled load test 
databases. These databases commonly contain drilled shaft load test information from different 
locations in the world and offer more information regarding the rock mass characteristics and 
drilled shaft load test results when compared with the State DOT databases that are discussed in 
98
 
the previous sections. In the following sections, some of the databases that have been frequently 
used in the development of design models for drilled shafts in rock masses are discussed. 
 
3.2.2.1 Rosenberg and Journeaux (1976) 
Rosenberg and Journeaux (1976) collected a database that contains eight drilled shaft 
load tests in interbedded shale and sandstone, shale, sandstone, limestone and andesite. This 
database only reports the measured “bond strength” values for these drilled shaft load tests. The 
unconfined compressive strength (qu) of intact rock specimens in this database ranges from 0.5 
MPa to 34.5 MPa. The information on drilled shaft geometry and condition of rock mass are not 
reported for all drilled shaft load tests that are included in this database. Unconfined compressive 
strength in only four out of eight drilled shafts load tests has been measured and reported. The 
number of load tests in this database is small and is not suitable for evaluation of current design 
methods or for development of LRFD resistance factors. Rosenberg and Journeaux (1976) also 
reported the results of eight plate load tests in shale, limestone, slate, granite, sandstone and 
friable iron formations. The unconfined compressive strength for these rocks ranges from 34 
MPa to 55 MPa. Failure mechanism under the tip was not mobilized in most of the load tests 
reported. Rosenberg and Journeaux (1976) did not properly report the geometry of the plate load 
tests and their corresponding load-displacement information. 
 
3.2.2.2 Horvath and Kenney (1979) 
Horvath and Kenney (1979) complied a load test database from the published literature 
that includes 76 drilled shaft load tests in different rock types. Horvath and Kenney (1979) were 
interested in the shearing resistance that is mobilized on the perimeter of the rock sockets. The 
99
 
rock types in this database include shale, clayshale, mudstone, siltstone, sandstone, chalk, 
limestone, marl, diabase, basalt, schist and slate. The load test methods in the database include 
large- and small-scale drilled shafts and rock anchors. The diameter of the drilled shafts in the 
database ranges from 13 mm to 1220 mm. The unconfined compressive strength (qu) of rocks in 
Horvath and Kenney’s database ranges from 0.35 MPa to 110 MPa. The rocks in this database 
include a wide range of unconfined compressive strength. The maximum value of the unconfined 
compressive strength of intact rock in this database is about 4 times larger than the upper bound 
defined for the qu of the soft rocks (i.e., qu = 30 MPa after Rowe and Armitage, 1987; Kanji, 
2014). Therefore, the database of reference was not particularly developed for study of the 
behavior of drilled shafts in soft rocks. Horvath and Kenney (1979) do not report the shear 
stress-shear displacement data (i.e., load-transfer functions or the t-z relationships) for the drilled 
shaft load tests in this database. Additionally, rock mass properties for most case histories in this 
database are not documented. 
 
3.2.2.3 Williams (1980) 
Williams (1980) developed a database of load test results in Melbourne Siltstone. The 
siltstone at the load test sites is commonly weathered to highly weathered siltstone. Williams 
(1980) database includes information on both side and tip resistance. Williams (1980) designed 
the load tests for measurement side resistance with soft inclusions at the base of the drilled shafts 
to exclude the tip resistance and to directly measure the side resistance load. In a different series 
of load tests, Williams (1980) used a relatively new load application setup where loading cells 
were placed at some distance below the top of the drilled shaft (i.e., within the drilled shaft) and 
jacked the upper part of the shaft in the upward direction and directly measured the side 
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resistance. The diameter of drilled shafts in Williams (1980) load test database ranged from 
0.335 to 1.35 m. The unconfined compressive strength (qu) of intact rock in Williams (1980) 
database ranged from 0.2 MPa to 80 MPa. 
 
3.2.2.4 Williams and Pells (1981) 
Williams and Pells (1981) collected the results of 71 load tests in different types of soft 
rocks.  The unconfined compressive strength (qu) of rock in Williams and Pells (1981) database 
ranges from 0.48 MPa to 62 MPa, the type of rocks in the database includes mudstone, marl, 
claystone, clayshale, shale and sandstone and the drilled shaft diameter in this database ranges 
from 75 mm to 1350 mm. The database of Williams and Pells (1981) only includes sedimentary 
rocks. The unconfined compressive strength (qu) of rock in this database, however, spans a wide 
range, which may be a limitation of this database because the behavior of soft and strong rocks is 
different. The maximum unconfined compressive strength of intact rock in this database is 
almost two times larger than the upper bound defined for soft rocks. 
 
3.2.2.5 Rowe and Armitage (1984) 
Rowe and Armitage (1984) collected a large database of drilled shaft load tests in 
sandstone, mudstone, shale, claystone, siltstone, chalk, andesite, schist, limestone and slate. The 
database only includes information on the side resistance of drilled shafts in rocks. The diameter 
of the drilled shafts in the database ranges from 64 mm to 1.83 m. The unconfined compressive 
strength of rock in the database ranges from 0.412 MPa to 110 MPa. It is noted that the 
maximum unconfined compressive strength of intact rock is approximately 4 times larger than 
the upper bound defined for soft rock. The database includes a wide range of rock types and a 
wide range of unconfined compressive strength of rocks. Rowe and Armitage (1984) do not 
101
 
properly report the geometry of the rock sockets and the condition of rock mass. The database 
does not provide much information about the method of construction and the properties of the 
shear surface on the rock socket perimeter. The database also does not provide any information 
regarding the tip resistance of the drilled shafts at the corresponding load test sites. 
 
3.2.2.6 Hassan (1994) 
Hassan (1994) developed a database of drilled shaft load tests in rock. The database 
includes 139 load tests in different rock types. The database and Hassan’s study focuses on side 
and tip resistances of drilled shafts in soft rocks. The rock types in the database include shale, 
diabase, claystone, marl, till, hard clay, hardpan, basalt, siltstone, mudstone, chalk, marl and 
limestone. The diameter of drilled shafts in the database ranges from 0.305 m to 2.5 m. The 
unconfined compressive strength of rocks ranges from 0.14 MPa to 37.23 MPa. Similar to other 
drilled shaft databases, the rock mineralogy and rock compressive strength spans a wide range 
and the load-displacement behavior of drilled shafts in the database are not reported. The 
condition of the rock mass for each case history is not clearly described and is not quantified. 
 
3.2.2.7 Zhang (1999) 
Zhang (1997), Zhang and Einstein (1998) and Zhang (1999) collected a database of 39 
drilled shaft load tests in mudstone, shale and clayshale, gypsum, till, diabase, hardpan, 
sandstone, siltstone, marl and limestone. The diameter of the drilled shafts ranges from 300 mm 
to 1920 mm. The unconfined compressive strength (qu) of rocks in the database ranges from 0.52 
MPa to 55 MPa. The maximum unconfined compressive strength of rocks in this database also 
exceeds the upper bound defined for soft rocks. The database does not include information on the 
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measured side resistance of drilled shafts in rocks, the number of load tests in the database is 
small and the variability in the mineralogy is very broad. The Authors do not properly quantify 
the rock mass condition and the load-displacement information for the rock sockets is not 
reported. 
 
3.2.2.8 Collingwood (2000) 
Collingwood (2000) developed a database that includes 162 drilled shaft load tests in 
shale, clayshale, limestone, sandstone, mica schist, mudstone, chalk, hard clay, andesite, diabase, 
siltstone, marl and granite. Collingwood (2000) database is focused on the side resistance of 
drilled shafts in rocks and does not include any information on the tip resistance of drilled shafts 
reported in this database. Collingwood (2000) database also does not provide any information on 
the t-z behavior of the load tests included in the database. The unconfined compressive strength 
(qu) of rock in Collingwood (2000) database ranges from 0.375 MPa to 110 MPa. 
 
3.2.3 Discussion of the available databases 
The existing databases are reviewed in the previous sections. Based on the discussions 
presented, it is apparent that the majority of these existing databases are not suitable for a 
comprehensive study of drilled shafts in soft rock. The main reasons are summarized below: 
 
1. Number of load tests - the number of load tests in each database is limited. For example, 
the database collected by Rosenberg and Journeaux (1976) only contains eight drilled 
shaft load tests. The databases with small number of tests cannot be successfully used for 
estimation of model parameters when predictive equations are being developed. This is 
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because the accuracy of estimation of model parameters depends on the number of load 
tests in the database (i.e., the sample size) (Gardoni et al., 2002). 
2. Availability of load-transfer information - in the majority of current databases, 
information regarding the distribution of axial load with depth and load-displacement 
response are not reported. Therefore, these databases cannot be used for a proper study of 
the load-transfer mechanism of drilled shafts in soft rock that is a fundamental aspect of 
drilled shaft behavior. 
3. Lack of basic rock mechanical properties and rock weathering conditions - in the 
majority of the current drilled shaft load test databases, only the unconfined compressive 
strength (qu) of intact rock specimens obtained from each respective load test site is 
reported. In many cases, the unconfined compressive strength is not even provided for 
rocks in the database and has to be predicted using the available correlations in the 
literature. Moreover, the weathering condition of soft rock is not discussed and the 
engineering properties of the soft rock “mass” are not reported or estimated. Therefore, 
the real problem which involves the interaction of a structural inclusion (i.e., drilled 
shaft) with the natural rock mass is reduced to an unrealistic problem where rock mass is 
represented by the properties of intact rock despite the fact that it has been shown 
frequently that the behavior of rock mass is significantly affected by the presence of 
secondary structure within the rock substance. 
4. Construction method - construction method has been emphasized by many investigators 
(Lam, 1983; Haberfield, 1987; Johston and Lam, 1989; Kodikara, 1989; Seidel, 1993; 
Majano et al., 1994; Collingwood, 2000). The current databases include limited 
information on the construction procedure of the drilled shafts in the database.  
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Therefore, the current databases cannot be used for study of the effect of the availbale 
construction methods on the axial behavior of drilled shafts. 
5. Mineralogy of rocks - the current databases include a wide range of rock mineralogy.  
The mineralogy has been shown to be an important controlling variable for the behavior 
of rocks (Deere and Miller, 1966; Hoek, 1983). The current databases include only a 
small number of load tests in each mineralogy subgroup. This makes the study of the 
effect of rock mineralogy on load-transfer difficult or in many cases (e.g., database of 
Rosenberg and Journeaux, 1976) an impossible task. 
6. Range of rock shear strength - the range of unconfined compressive strength (qu) for the 
rock in many of the databases available in the technical literature is well beyond the 
upper bound for the compressive strength of soft rocks (i.e., 30 MPa). These databases 
include only a small number of drilled shaft load tests in soft rocks and thus cannot be 
used to study the behavior of drilled shafts in soft rocks. 
7. Range of drilled shaft diameter - the drilled shaft diameters reported in the existing 
databases cover a wide range. However, drilled shaft diameters are not distributed 
uniformly across this wide spectrum and thus gaps exist for some of the drilled shaft sizes 
that are typically used in practice. Therefore, the effect of drilled shaft diameter (i.e., 
size) may not be properly investigated. 
 
3.3 Comprehensive Drilled Shaft Load Test Databases 
The existing drilled shaft load test databases are reviewed in the previous sections. While 
these databases contributed to our understanding of the drilled shaft behavior in rocks in general, 
most of these databases should be improved for a proper evaluation of the behavior of drilled 
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shafts in “soft” rock masses because they originally have not been developed for this purpose. 
Two drilled shaft load test databases are compiled by the Author for study of drilled shaft 
performance in soft rocks. The first database includes the results of 317 drilled shaft load test 
case histories in soft rock where load-transfer functions for side resistance are back-calculated. 
This database is reported in Appendix B and is summarized in Table 3.2. The second database 
includes the results of 190 drilled shaft and plate load tests in soft rocks where load-transfer 
functions for tip resistance are back-calculated. This database is reported in Appendix A and is 
summarized in Table 3.3. 
 
3.3.1 Side resistance database 
The side resistance database includes 317 drilled shaft load tests. Figure 3.1a shows 
histograms that summarize some of the important properties of the side resistance database. The 
database is also summarized in Table 3.2 and the detailed database is included in Appendix B. 
The side resistance and shear stress-shear displacement variation for the rock sockets are back-
calculated from the drilled shaft load tests. Therefore, it was not necessary to assume a value of 
tip resistance to obtain side resistance. The side resistance database contains the following 
information: 
 
1. Shear stress-shear displacement (t-z) relationship for side of drilled shafts in soft rock: t-z 
relationships are back-calculated based on the measured top of drilled shaft load-
displacement relationship in conventional load tests or the measured load-displacement 
relationship of the O-Cell in an Osterberg load test and the load-distribution versus depth 
measurements. The load distribution versus depth measurements are obtained from data 
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gathered using strain gauges. It must be noted that the elastic deformation of the test shaft 
is included in the analysis mentioned above for each drilled shaft load test. The t-z 
relationship for each case history is reported in Appendix B. 
2. Rock intact properties: the unconfined compressive strength (qu) of the intact rock 
specimens is reported for all cases. Internal friction angle (φi), cohesion intercept (ci) and 
intact modulus of deformation (Ei) for majority of case histories were not available. All 
intact properties, if available, have been reported for each case in Appendix B. 
3. Properties of rock mass: the modulus of deformation of rock mass (Em) is back-calculated 
from the load test results in each case history using the method of Pells and Turner 
(1979). These values are used in Chapters 9 and 10 for analysis of tip resistance and for 
development of tip resistance models. For design purposes, Em may be estimated using a 
linear model of Em as a function of qu that will be introduced in Chapter 5 in more detail. 
This model is developed using linear regression analysis of i) the results of in situ plate 
load tests reported by Chern et al. (2004) for soft rocks in China and Taiwan, ii) back-
analysis of q-z relationships from 190 drilled shaft load tests (references and load test 
data are provided in Appendix A) from the United States, Puerto Rico, Canada, Australia, 
South Africa, Italy, United Kingdom and Singapore and iii) back-analysis of 340 t-z 
relationships from 292 drilled shaft load tests in soft rock (load test data provided in 
Appendix B) using the elastic method of Pells and Turner (1979). This linear model may 
be expressed using Equation 3-1 and is shown in Figure 3.2 
 
Em =150 × qu




where Em and qu are in units of MPa. The predicted values of Em and the correlation 
proposed by Hoek and Diederichs (2006) shown in Figure 3.3 are used to estimate the 
Geological Strength Index (GSI). Drained rock mass Mohr-Coulomb strength parameters, 
namely the friction angle (φ'm) and failure envelop cohesion intercept (c'm) for rock mass 
are estimated based on i) the predicted values of GSI as explained above, ii) material 
constant (mi) that relates to the type of rock and frictional characteristics of rock minerals 
based on values reported in Hoek (1983) and Marinos and Hoek (2001) and iii) the 
method of Hoek and Brown (1997) for estimation of φ'm and c'm (see Figures 3.4 and 3.5 
that are reproduced from Hoek and Brown, 1997). The predicted values of φ'm and c'm are 
not very sensitive to mi (Marinos and Hoek, 2001) and thus estimation of mi using 
qualitative description of rock is expected to not affect the predicted values of φ'm and c'm 
significantly, especially for sedimentary and metamorphic rocks in the side resistance 
database. The predicted values of φ'm from the procedure outlined above falls within the 
range of fully softened friction angle reported by Terzaghi et al. (1996) method for stiff 
clays and soft rocks which may be used as an alternate method for prediction of friction 
angle if the Plasticity Index (Ip) of the rock is known. An average value for Poisson’s 
ratio (ν) of 0.3 is used based on the recommendations of Kulhawy (1978) and additional 
data that is obtained from Chern et al. (2004) (see Figure 3.6). 
4. Back-calculated side resistance: a hypothetical load-transfer function for side resistance 
(i.e., t-z relationship) is shown in Figure 3.7 that shows the definitions of initial shear 
stiffness (Ksi), peak shear stress (fsp) and ultimate shear stress (fsu). When peak shear 
stress (fsp) is mobilized, it is reported in Appendix B. Peak shear stress is the shear stress 
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where the slope of the tangent line to t-z relationship first approached zero, i.e., dt
dz
≈ 0 . 
When peak shear stress is not mobilized, the L1-L2 approach (Hirany, 1988) is used to 
determine the values of fs1 (i.e., shear stress at initial yielding of the mobilized shear 
surface at a vertical displacement that corresponds to L1) and fs2 (i.e., interpreted failure 
shear stress that corresponds to L2) and the corresponding displacements. The L1-L2 
method of Hirany (1988) is shown Figure 3.8. 
5. Back-calculated initial shear stiffness (Ksi): the back-calculated initial shear stiffness is 
defined as the slope of the tangent line to the initial portion of t-z relationship (see Figure 
3.7). The initial range in a t-z relationship may be affected by the measurement errors and 
thus it is recommended that the initial shear stiffness should be obtained from a 
“transformed shear stress-shear displacement relationship” (Mesri et al., 1981). The 
procedure for development of the transformed t-z relationship is shown in Figure 3.9 
(after Kondner, 1963; Mesri et al., 1981). Figure 3.10 (data from literature, reported in 
Appendix B) shows the comparison of the calculated initial shear stiffness for 340 t-z 
relationships from 292 drilled shaft load tests in soft rock following the two methods 
discussed above. This figure shows that the initial shear stiffness values calculated using 
either approaches are in a reasonable agreement. 
6. Interface roughness: the soft rock/concrete interface roughness is predicted based on a 
relationship between the unconfined compressive strength of intact rock specimens (qu) 
and measured average roughness height (h) as shown in Figure 3.11. The line of best fit is 






          (3-2) 
 
where h is in units of mm and qu is in units of MPa. The average roughness height (h) in 
the proposed model is inversely related to qu because rocks with larger qu exhibit greater 
abrasion hardness (i.e., resistance to abrasion), thus a greater resistance to wear and 
smaller roughness height results (Coulson, 1970). Other investigators (e.g., Seidel and 
Collingwood, 2001) have proposed similar relationships between average roughness 
height (h) and the unconfined compressive strength (qu) of rocks. 
7. Drilled shaft geometry: the diameter for each rock socket (B), the depth of embedment 
from the ground surface to the center of the shear profile (DGS), and from the top of rock 
formation (DTOR) are obtained based on the idealized site stratigraphy and drilled shaft 
reported dimensions. The length of soft rock/concrete (L) profile is also summarized for 
each case history. The method of construction and condition of tip of drilled shafts are 
summarized, when reported. This information is summarized and discussed in detail in 
Appendix B. 
8. Drilled shaft concrete properties: the drilled shaft concrete compressive strength (f’c), 
concrete Modulus of Elasticity (Ec) and concrete slump were recorded if reported in the 
original load test reports. Where the measured value of Ec was not reported, it is 
estimated based on the following equation from ACI 318-14 
 




3.3.2 Tip resistance database 
The tip resistance drilled shaft load test database includes 190 drilled shaft axial load 
tests. The tip resistance and tip stress- displacement relationships are directly back-calculated 
from the results of each load test case record. The tip resistance database is summarized in Table 
3.3 and is reported in detail in Appendix A. The tip resistance database contains the following 
information: 
 
1. Tip load-transfer functions (stress- displacement or q-z relationship): q-z relationships are 
back-analyzed based on the top of drilled shaft load-displacement relationship in 
conventional top-loaded load tests or the load-displacement relationship obtained from 
the O-Cell in Osterberg load tests and the load-distribution versus depth measurements. 
The elastic compression of the test shaft is considered in the analysis. The calculated q-z 
relationships are provided in Appendix A and the method for development of q-z 
relationships is discussed in more detail in Chapter 10. 
2. Rock intact properties: the database contains drilled shaft case histories that include 
measured unconfined compressive strength (qu) of the soft rock specimens obtained from 
rock cores extracted from each load test site. The unconfined compressive strength (qu) of 
the intact rock specimens (qu) is reported for all cases. The case histories where qu was 
larger than 30 MPa (that is the upper bound for soft rock after Deere and Miller, 1966; 
Barton et al., 1978; Rowe and Armitage, 1987; Kanji, 2014) are not used in the 
development of the database mainly for the purpose of development of a specialized 
database for study of behavior of drilled shafts in “soft rocks”. Internal friction angle (φi), 
cohesion intercept (ci) and intact modulus of deformation (Ei) for majority of case records 
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were not available. All intact properties, if available, have been reported for each case in 
Appendix A. 
3. Properties of rock mass: the properties of the rock mass (i.e., Em, φ'm and c'm) are 
estimated using the same procedure that is explained for the side resistance database. 
4. Back-calculated tip resistance: the L1-L2 approach (Hirany, 1988) is used to determine 
the values of qy (i.e., contact pressure at initial yield that is analogous to Hirany’s q1 
stress) and qf (i.e., fracture initiation pressure that is analogous to Hirany’s q2 stress for 
Terzaghi, 1943 failure pressure). When failure in the rock mass in the immediate vicinity 
of the drilled shaft tip or plate base was mobilized, the actual plunging contact pressure is 
also reported. It should be noted, however, that the failure (i.e., development of a full 
shear surface) in tip resistance in most of the case records was not materialized. 
5. Back-calculated initial normal stiffness (Kn): back-calculated initial normal stiffness is 
defined herein as the slope of the tangent line to the initial portion of q-z relationship. 
The calculated values of the initial normal stiffness (Kn) are reported in Appendix A. 
6. Drilled shaft geometry: the tip diameter for each rock socket (B), the depth of embedment 
of rock socket tip from the ground surface (DGS), and from the top of rock formation 
(DTOR) are obtained based on the reported site stratigraphy and drilled shaft reported 
dimensions. The method of construction and condition of tip of drilled shaft are 
summarized, when reported. 
7. Drilled shaft concrete properties: drilled shaft concrete properties are reported in 
Appendix A. 
8. Drilled shaft construction: the construction method is an important consideration in the 
design of drilled shafts and affects the stiffness of the rock socket tip. The method of 
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construction and condition of the base of drilled shaft before concrete pour, if available, 
are recorded and are included in Appendix A and in Table 3.3. 
 
3.4 Load Test Methods in the Comprehensive Load Test Database 
“An axial load test is a systematic application of axial loads to foundation(s) while 
measuring the corresponding movements of the foundation and is considered to be the most 
direct method of measuring the resistance of foundation to axial loads in the light of the field 
conditions” (O’Rourke and Kulhawy, 1985). Load tests are often conducted to measure the axial 
resistance (tension or compression) of drilled shaft foundations that are socketed in soft rocks. 
The method of load testing affects the measured resistance of rock sockets and thus it has to be 
selected so as to represent the actual loading conditions that will be present in situ during the 
service life of the rock socketed drilled shaft (O’Rourke and Kulhawy, 1985; Hirany, 1988). In 
the next few sections, the methods of load testing employed to measure the side and tip 
resistance of drilled shafts reported in Appendices A and B are discussed. This is because the 
design methods proposed in the subsequent sections are semi-empirical and thus should be used 
for design only when loading conditions are similar to those used in the case records presented in 
this chapter (see Appendices A and B for details of each load test). 
 
3.4.1 Load test methods for side resistance 
The use of side resistance in design is dependent on the construction method, in situ 
conditions and the quality of rock socket walls. For example, when a rock socket is constructed 
in clay shales, the presence of smeared materials will significantly impair the ability of the rock 
socket to transfer loads in side resistance or when a drilled shaft is constructed in hard limestone 
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(qu > 30 MPa), the smooth socket walls will lead to low mobilized values of side resistance if the 
shear surface coincides with the rock/concrete interface. Consequently, the side resistance of 
drilled shafts has been discounted in the design by some designers (Pells et al., 1978) because the 
mechanism of side resistance development is complex and the uncertainty in its prediction can be 
significant. Side resistance of drilled shafts in soft rocks, however, could account for a large 
portion of the total axial resistance especially when the tolerable axial displacements are small 
where enough displacement for mobilization of the tip resistance does not materialize. The side 
resistance of drilled shafts in soft rock has been back-calculated using different methods by 
previous investigators. These methods include the load testing by application of the axial loads to 
the top of the drilled shaft, load testing of a segment of the rock socket by placing a loading cell 
within the shaft and loading the segment of interest in compression in the downward or upward 
directions and by constructing small diameter plugs or anchors and loading the structural 
inclusion in tension or in compression (when a metal plate is installed to the bottom of plug or 
the anchor). 
The first method consists of application of the load to the top of the drilled shaft 
(Whitaker and Cooke, 1966; Reese and Hudson, 1968; Vijayvergiya et al., 1969; Bump et al, 
1971; Engeling and Reese, 1974; Aurora and Reese, 1977; Spanovich and Garvin, 1979; Pells et 
al., 1970; Cooke, 1979; Geoke and Hustad, 1980; Williams, 1980; Gupton et al., 1982; Horvath, 
1982; Chang and Wong, 1979; Buttling, 1986; Buttling and Lam, 1988; Chang and Goh, 1988; 
Radhakrishnan and Leung, 1989; Tan et al., 1994; Thompson, 1994; Baycan, 1996; Leung, 1996; 
Carrubba, 1997). Figures 3.12 to 3.14 show examples from the side resistance database where 
load has been applied at the ground surface and to the top of drilled shaft. The load is applied via 
a load cell that is pressurized against a reaction beam that is attached to a pair of reaction shafts. 
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The most common way for measurement of the side resistance is by providing strain gauges 
along the length of the rock socket (e.g., Aurora and Reese, 1977) where the load transfer to the 
surrounding rock mass may be back-calculated (Figure 3.13). The transferred load and the 
calculated socket circumferential area can be used to obtain an average unit side resistance that is 
mobilized on the shear surface (note that the term “rock/concrete interface” has been used by 
other researchers instead of simply “shear surface”, however, because the failure plane is not 
necessarily at the rock/concrete interface, the use of this term is avoided). This method allows for 
the unit side resistance to be back-calculated in each rock layer (layers between strain gauges) 
and thus avoiding the need for assigning an average unit side resistance to the entire rock socket. 
In the second method (Figure 3.12), a load cell is placed at the tip of the drilled shaft (e.g., 
Horvath, 1982) and is used to measure the load that is transferred to the tip. The portion of the 
shaft in the overburden soil is often cased and thus an insignificant load transfer takes place in 
the zone above the rock socket. This load may be subtracted from the total load applied at the top 
of the rock socket to calculate the load that is carried in side resistance only. This net side 
resistance load can be used to calculate the unit side resistance of the rock socket. The third 
approach utilized in the side resistance database includes introduction of a void or a compressible 
base at the tip of the drilled shaft (Figure 3.14) to eliminate the tip resistance (e.g., Spanovich 
and Garvin, 1979; Williams, 1980). The fourth method utilizes a combination of the methods 
discussed above. For example, Spanovich and Garvin (1979) constructed a drilled shaft in soft 
rock with a void at its base and adjacent to this drilled shaft, another drilled shaft was constructed 
in the overburden soil that was used to measure the capacity of the drilled shaft that is obtained 
from the overburden soil which will be used in the first drilled shaft to infer the net load that was 
carried in side resistance in the rock socket. The load is typically applied in increments of 5% of 
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the total anticipated load and each load increment is kept for a period of 4 to 15 minutes (ASTM 
D1143, 2013). 
In the second method (Figure 3.15), the load cell is placed near the tip of drilled shaft and 
the test shaft is loaded in two different directions (Williams, 1980; Thompson, 1994; O’Neill and 
Majano; 1996; Walter et al., 1997; Load test, 1998; Load test; 2001; Osterberg, 2001; Load test, 
2002; Load test, 2003; Abu-Hejleh et al., 2003; Miller, 2003; Bullock, 2003; Gordon et al., 2004; 
Nam, 2004; Load test, 2004; Load test, 2008; Brown and Thompson, 2008; Vu, 2013). The 
method was initially used by Williams (1980) where a load cell was placed near the tip of drilled 
shafts to measure the side resistance in Melbourne siltstone. The method was later used by 
Osterberg and was named after him the O-Cell method of load application. The method of 
Williams (1980) and that of Osterberg are shown in Figure 3.15. In an Osterberg load test, the 
load carried in side and tip resistances are often measured separately and strain gauges are used 
for the purpose of measurement of the load that is transferred to the surrounding rock mass. The 
disadvantage of the Osterberg load test method (or equivalent methods) is that the direction of 
application of load in the upward direction alters the stresses in the surrounding rock mass in a 
manner that is not representative of the actual loading condition in a production shaft. Brown and 
Shi (2001) attempted to study the effect of load directionality on the mobilized side resistance, 
however, due to the limited number of “side-by-side” O-Cell and top-loaded (conventional) load 
tests in soft rocks, no definitive conclusions can be drawn about the applicability of the O-Cell in 
representing the real drilled shafts where load is applied in the downward direction. The study of 
the mobilized unit side resistance in the database reported in Appendix B, however, indicates the 




The third method of the load testing (Figure 3.16) includes the construction of a full 
drilled shaft in soft rock or a concrete plug or anchor in the soft rock mass and applying load 
either from the top in tension (Matich and Kozicki, 1967; Wilson, 1976; Schmertmann, 1977; 
Sheikh et al., 1985; Moh et al., 1993; Sandberg, 1993; Kondziolka et al., 1995; Baycan, 1996) or 
from the bottom in compression (Webb and Davies, 1980; Bloomquist and Townsend, 1991; 
Baycan, 1993). The method of load testing is as described in the ASTM D4435-13 for the anchor 
and plug load tests and that of ASTM D3689-13 for the load testing of drilled shafts under axial 
uplift loads. In the case where a drilled shaft is tested in uplift loading, the load transfer may be 
measured directly. Measurement of the side resistance using plug or anchor load tests was first 
introduced by Schmertmann (1977) where he used plug load tests to measure the side resistance 
of Miami limestone for use in drilled shaft design. The plug or anchor load tests are conducted in 
two different ways where the axial load is either applied at the top of the plug or is applied from 
the bottom of the plug by attaching the loading rod to a metal plate that is attached to the anchor 
at its bottom. 
 
3.4.2 Load test methods for tip resistance 
The available design methods for determination of the tip resistance of drilled shafts in 
rock are reviewed and discussed in Chapter 2. Most of these methods have been developed based 
on the observed behavior of drilled shaft load tests in rock masses. The methods of load testing 
affects the measured tip resistance and thus should be representative of the actual loading 
conditions that are present at the tip of the production shafts. The load test methods in the tip 
resistance database include i) loading of the tip of drilled shaft by placing the load cell within the 
shaft and activating it in two opposite directions (e.g., Osterberg load test method), ii) loading of 
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the complete drilled shaft by application of load at the ground surface and measuring the load 
transferred to the tip of the drilled shaft by either placing a load cell at the tip or installation of 
strain gauges along the rock socket to separate the side resistance and tip resistance and iii) by 
using plate load tests at the bottom of the drilled holes to represent the depth of embedment of tip 
of drilled shaft. 
The first method includes the application of load to the tip of the drilled shaft in two 
directions via an embedded load cell (Williams, 1980; Thompson, 1994; O’Neill and Majano, 
1996; Load test, 1998; Load test, 2001; Osterberg, 2001; Load test 2002; Camp et al., 2002; 
Abu-Hejleh et al., 2003; Bullock, 2003; Load test, 2004; Brown and Thompson, 2008; Vu, 
2013). In this method (Figure 3.15), the load that is being applied to the tip of the drilled shaft 
can be measured directly. 
In the second method (Figures 3.12 and 3.13), the load is applied to the top of the drilled 
shaft (Whitaker and Cooke, 1966; Reese and Hudson, 1968; Vijayvergiya et al., 1969; Bump et 
al., 1971; Engeling and Reese, 1974; Aurora and Reese, 1976; Mallard and Ballantyne, 1976; 
Webb, 1976; Wilson, 1976; Geoke and Hustad, 1979; Spanovich and Garvin, 1979; Williams, 
1980; Jubenville and Hepworth, 1981; Newman et al., 1981; Horvath, 1982; Glos and Briggs, 
1983; Sheikh et al., 1985; Hummert and Cooling, 1988; Koutsoftas and Reese, 1989; 
Radhakrishnan and Leung, 1989; O’Neill et al., 1992; Tan et al., 1994; Thompson, 1994; Leung, 
1996). The load at the ground surface is applied via a load cell that reacts against a reaction beam 
that is connected to a pair of reaction piles. The load that is transferred to the tip of drilled shaft 
has been measured in the load tests in Appendix A using two different approaches. In the first 
approach (Figure 3.13), strain gauges are installed along the sides of the rock socket and the load 
that is carried in side resistance can be measured. The side resistance is then separated from the 
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total applied load at the ground surface to obtain the load that is carried by the tip of the drilled 
shaft. In the second approach (Figure 3.12), a load cell is placed at the tip of the drilled shaft to 
measure directly the load mobilized under the tip of the foundation. 
In the third method (Figure 3.17), the load is applied via a plate that is placed at the 
bottom of the borehole (Tomlinson, 1965; Butler and Lord, 1969; Pellegrino; 1974; Williams, 
1980). “The borehole tip is first flattened and smoothed and a hydraulic loading system that 
consists of flatjacks and reaction members are constructed” (ASTM D4395, 2008). The rock 
mass is then loaded incrementally and the deformations of the rock surface are measured. The 
load test is performed inside a drilled hole to capture the effect of the embedment depth on the 
mobilized tip resistance. The advantage of a plate load test is that the tip resistance can be 
measured directly and the load test can be carried to larger displacements as compared to the 
other two methods that are discussed previously and thus the load test can be carried to a general 
shear failure in tip resistance. 
 
3.5 Rock Formations in the Load Test Database 
The geology and engineering properties of the soft rock formations in which the drilled 
shafts are constructed is of paramount importance. This is because geology influences the 
mechanical properties of rock mass that are often used to quantify the weathering condition of 
the rock mass and are inputs to the predictive methods that are used for analysis of axial 
performance of drilled shaft in soft rocks. For example, the estimation of the Geological Strength 
Index (GSI) (Hoek, 1994 in ISRM News Journal) is heavily dependent on the knowledge of the 
structure of rock mass (number of joint sets and degree of fracturing) and the condition of rock 
joints in a rock mass. The use of other rock classification systems such as Rock Mass Rating 
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(RMR) in the Geomechnics classification system (Bieniawski, 1974) and Rock Quality 
Designation (RQD) proposed by Deere (1963) also requires knowledge of the in situ condition of 
the rock formation. RMR, GSI and RQD are often related to the rock mass strength and 
deformational prosperities (Hoek and Brown, 1997; Hoek and Diederichs, 2006). Therefore, the 
accuracy of the values obtained for RMR, GSI or RQD directly affects the estimated rock mass 
elastic (e.g., rock mass modulus of deformation, Em) and strength properties (e.g., rock mass 
friction angle and cohesion intercept, φ'm and c'm, respectively). Therefore as was iterated 
previously, a knowledge of the rock mass properties will significantly affect the predicted axial 
resistance and deformability of the rock socketed drilled shaft. Therefore, brief discussions of the 
general condition of rock formations that are found in load test sites in Appendices A and B will 
be provided in the subsequent sections to provide additional information for quantification of 
rock mass condition in the later chapters. This information, along with the rock mass descriptions 
provided by the original load test reports summarized in Appendices A and B will be used to 
estimate the rock mass properties (i.e., φ'm, c'm, Em, GSI) for each case history. 
 
NOTE: the text provided in the subsequent sections (3.5.1 to 3.5.19) describing the rock 
formations referenced in this work heavily follows the original text of the original publications 
from which the information is obtained. Direct quotations have been used repeatedly throughout 
these sections (3.5.1 to 3.5.19) to prevent misinterpretation of the information for each rock 
formation followed by reference to the original author(s). When direct quotations are not used, 




3.5.1 Anderson Creek and Dargile formations, Melbourne, Australia 
The Dargile formation overlies the Anderson Creek formation (McAndrew and Marsden, 
1973). These formations underlie most of the Melbourne region. The thickness of Anderson 
Creek formation can reach up to 2300 m and the thickness of Dargile formation can reach up to 
1700 m within the Melbourne area (McAndrew and Marsden, 1973; Neilson, 1978; Williams, 
1980). The bedrock in Melbourne area often consists of interbedded layers of claystone, siltstone 
and sandstone. The siltstone, however, predominates the bedrock that is encountered in the 
Melbourne region. These formations usually are characterized with well-defined beddings and 
“individual beds may be traced for distances as long as 50 meters” (Williams, 1980). Both major 
and minor faults exist in the bedrocks that underlie the Melbourne area (Williams, 1980). 
Because the Dargile formation overlies the Anderson Creek formation and outcrops in 
Melbourne region, its characteristics are of more interest to the work presented herein. 
McAndrew and Marsden (1973) divided the Dargile formation into four units: “1) the lower beds 
that are commonly unfossiliferous mudstone, 2) the graptolite beds, 3) the Dargile sandstone that 
is unfossiliferous near the bottom and becomes more fossiliferous towards the top and 4) 
Chonetes-Encrinurus mudstone that is distributed from Baillieston to Wallon, Melbourne.” The 
Dargile formation is commonly uniform and consists of thinly bedded flysch sandstone, siltstone 
and shales in the east Melbourne region (McAndrew and Marsden, 1973). The sandstone in this 
region shows “current bedding and has planar laminations.” In the north of Melbourne (near 
Wandong District), the Dargile formation consists of two members, namely the lower and upper 
members. The lower member is about 600 m and the upper member is about 900 m and consists 




Three sets of approximately orthogonal joint sets in Anderson and Dargile formations are 
commonly found (Williams, 1980) where one of the joints sets is generally parallel to the 
bedding (Williams, 1980). The rock discontinuities (i.e., joints) are often tight and clean although 
clay filled joints have also been observed in this region where the thickness of the clay infilling 
can reach up to 100 mm (Williams, 1980). Williams (1980) described (from top to bottom) the 
weathering condition of Anderson Creek and Dargile formations where he subdivided the rock 
mass formation into five subgroups namely, “1) the completely weathered zone that consists of 
stiff to hard sandy and silty clay, 2) a highly weathered zone that contains of siltstone with clay 
seams where bedding is not distinguishable, 3) a moderately hard siltstone where joints contain 
thin clay coatings and unlike the previous layers, the bedding is distinguishable, 4) a slightly 
weathered zone where the joints occasionally contain some clay coating and commonly contain 
iron oxide stains with clearly distinguishable beddings and 5) a fresh layer of siltstone where the 
joints are clean and the bedding is completely clear.” 
 
3.5.2 Graneros shale formation, USA 
Hattin (1965) and Kauffman (1985) provided one of the most detailed analyses of the 
Graneros shale formation that outcrops in the central regions of Kansas, east of Colorado, 
Nebraska and South Dakota. The main focus of discussion in this section will be on the portion 
of the Graneros shale formation that outcrops in central Kansas region. The information 
presented below is obtained from Hattin (1965) and Kauffman (1985). 
The Graneros formation underlies the Lincoln limestone member and overlies the Dakota 
formation (Hattin, 1965). The shale in Graneros formation is non-calcareous which ranges from 
silty to fine sandy shale. The silty shale is the dominating lithology in the Graneros shale 
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formation. The upper parts of the Graneros shale may be slightly calcareous depending on the 
location where samples are obtained. Lenses and pockets of silt and sand are frequent in the 
Graneros shale formation and the occurrence of the sandy laminations increases with depth in 
this formation. Kauffman (1985) described the Geraneros formation as a “deposit that is 
composed of dark gray, sandy and silty, poorly laminated, clay shale that contains thin 
laminations of fine-grained quartzose, sandstone, siltstone and limestone.” The well-known X-
bentonite bed is present near the top of the Geraneros formation (Kauffman, 1985). The 
thickness of the Geraneros formation is highly variable and is about 9.6 m in the central and 
western Kansas (Kauffman, 1985). In the Graneros shale formation, the shale easily splits along 
the laminations and breaks into irregular-shaped pieces. The shale is weathered into sheets near 
the upper parts of the Graneros shale formation. “The shale is dark to medium gray and only 
occasionally exhibits an olive-gray color” (Hattin, 1965). 
 
3.5.3 Maquoketa shale formation, Iowa, USA 
The Maquoketa shale formation outcrops in the form of an “irregular belt” across the 
north east corner of Iowa (Ladd, 1929). The characteristics of Maquoketa shale formation in 
Winneshiek County varies significantly from one location to another (Calvin, 1905). The 
Maquoketa formation may be divided into the following members (Calvin, 1905; Ladd, 1929): 
“1) Brainard shale that is blue to gray shale and has some beds of limestone near the top and 
bottom of the formation. Thickness of this member is approximately 120 ft. (37 m), 2) Fort 
Atkinson limestone that is massive, yellow with cherty dolomite laminations. The beds in this 
formation are easily distinguishable in Winneshiek County. The thickness of this layer is about 
40 ft. (12 m) at Fort Atkinson, 3) Clermont Shale that is blue in color, plastic and fine-grained 
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shale and the thickness of this layer is 15 ft. (4.6 m) and 4) Elgin formation includes limestones, 
dolomites and shaley limestones with beds of calcareous shale and thin inclusions of blue, less 
calcareous clays that are quite variable in character and the thickness of entire member is 
approximately 70 ft. (21 m). The beds in these formations are cut by two systems of joints which 
intersect at oblique angles (Calvin, 1905).” 
 
3.5.4 Carlile shale formation and Fairport chalky shale member, Kansas, USA 
The Fairport chalky shale is a member of the Carlile shale formation that is confined by 
Greenhorn limestone member on the bottom and Niobrara formation on the top (Pinel, 1983). 
The geology and stratigraphy of the Fairport chalky shale member is described in detail by Dane 
et al. (1937). “The Fairport chalky shale member consists of calcareous blue and black shale in 
its upper part that transitions into a more limey with a lighter color in the downward direction” 
(Dane et al., 1937; Neuhauser, 1986). Scott (1969) showed, by X-Ray analysis, that Fairport 
chalky shale member consists approximately of 50% clay minerals, 15% quartz, 5% feldspar, 5% 
gypsum, 20% calcite and 5% dolomite. Analysis (Scott, 1969) shows that the most abundant clay 
mineral is Illite. The liquid limit (LL) is about 38% and the plastic limit (PL) is about 13% 
(Scott, 1969). 
Due to accumulation of slope wash, the Fairport chalky shale member is poorly exposed 
(Scott, 1969). The thickness of Fairport chalky shale member is approximately 150 ft. (~ 45 m) 
and relatively thin layers of chalky limestone alternate with limey shale in the bottom 35 ft. (11 
m). Dane et al. (1937) showed that a layer of “1 to 6 in. (25 to 152 mm) thick of very fine-
grained sandy crystalline limestone or calcareous sandstone with lenses of closely packed oyster 
shells exist at the top of the Fairport chalky shale member.” Thin layers of bentonite are also 
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observed in this chalky shale member (Scott, 1969). Scott (1969) pointed out that “a slightly 
calcareous shale and marly shale exists at the bottom of this member. There is a substantial 
variation in the lime content of individual layers discussed above that range from 1/16 to 1/5 in. 
(1.6 mm to 13 mm) in thickness. The proportion of calcareous or marly shale increases 
downward and the lamination of the Fairport chalky shale becomes less regular and less 
distinct.” Neuhauser (1986) show that the formation has two joint sets. 
Presence of deep weathered zones in Fairport chalky shale makes it a problematic 
formation for the foundation construction and design (Scott, 1969). The Fairport member is 
relatively impermeable because of its high clay content. 
 
3.5.5 Oread limestone, Kansas, USA 
Oread limestone is a formation that is a part of the Shawnee group. This formation is a 
sequence of “alternating layers of limetone and shale and each layer has its own distinctive 
lithologic feature” (Troell, 1969; Thompson, 1995). Troell (1969) has studied the properties of 
this limestone formation and the following is a summary that is provided based on the work of 
Troell (1969): 
 
“The Oread limestone formation can be subdivided into a number of stratigraphic units. 
The three lower limestones strata are characterized by rock types that are indicative of 
alternating stratigraphic sequences of marine and non-marine sediments (Troell, 1969). 
The lower limestone (i.e., Toronto limestone formation) is about 5 to 15 ft. (1.5 to 4.6 m) 
thick, is yellow to brown in color, argillaceous and irregularly bedded (Troell, 1969). The 
limestone formation in the middle (i.e., Leavenworth) is about 1 to 2 ft. (0.3 to 0.6 m) 
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thick, is blue to gray in color, dense and generally is characterized by a single bed. The 
upper or third limestone (Plattsmouth limestone) is light-gray, wavy-bedded and is 
approximately 10 to 30 ft. (3 to 9 m) thick. The Kereford and Clay Creek limestone 
formations are less distinctive and probably continuous only from central Kansas 
northward.” 
 
3.5.6 Severy shale formation, Kansas, USA 
The geology of the Severy shale formation is summarized by the Kansas Geological 
Survey (KGS, 1967). The thickness of the Severy shale formation ranges from about 30 to 55 ft. 
(9 to 17 m). The Severy Shale is a sequence of interbedded relatively thin layers of claystone, 
siltstone and sandstone. Claystone and siltstone dominate most of the formation, however, 
sandstone layers and lenses can occasionally be found in this rock formation (KGS, 1967). 
KGS (1967) indicates that a layer of “medium to dark, gray, silty to slightly sandy, 
carbonaceous, plastic claystone with a thickness that ranges from 0.2 to1 ft.” (60 mm to 0.3 m) 
normally occurs near the top of this formation. The sandstone in the Severy shale formation is 
characterized as “gray, very fine to fine grained, laminated to very thinly bedded and locally 
cross-bedded. It is silty, micaceous, carbonaceous and partly calcareous.” Sandstone beds are 
commonly separated by “medium to light, gray, carbonaceous siltstone that is finely laminated.” 
“The sandstone weathers into a light olive-gray and light gray to light brownish gray material 





3.5.7 Denver, Arapahoe and Dawson formations, Colorado, USA 
Abu-Hejleh et al. (2003) studied the Denver, Arapahoe and the Lower Dawson 
Formations. The Denver Formation typically consists of claystone and shale, over most of the 
Denver region. This formation also occasionally includes thinner layer and beds of siltstone, 
relatively well cemented sandstone and irregular conglomerate sublayer and beds. Claystone in 
this formation has a high montmorillonite content and seams of nearly pure bentonite are 
frequently present within this formation. In the locations that the rock formation is not 
significantly weathered, the formation includes a “blue-green-gray claystone.” The upper surface 
of the claystone, however, is irregularly weathered and the bluish color of the claystone changes 
to a mainly gray color after exposure to air (Abu-Hejleh et al., 2003). 
The Arapahoe formation is generally coarser than the Denver formation. The formation is 
generally described as “well stratified, interbedded claystone, shale, siltstone, sandstone and 
conglomerate” (Abu-Hejleh et al., 2003). Abu-Hejleh et al. (2003) further describe the Arapahoe 
formation as follows: 
 
“A well-developed lower Arapahoe conglomerate is frequently weakly cemented. The 
Lower Dawson tends to be well interbedded with layers of conglomerate, coarse 
sandstone, shale and silty fine sandy shale. The coarser units usually have moderately 
well graded quartz and feldspar sands with granitic and local coal beds have also been 
observed. Clay rich zones have moderate to very high swell potential and moderate to 




3.5.8 Austin chalk formation, Austin, USA 
The Austin Chalk formation is of Upper Cretaceous age. This formation consists of “very 
fine-grained carbonate mud” (Corbett et al., 1987; Li and Mueller, 1997). This formation may be 
described as follows (Stephenson, 1937; Corbett et al., 1987; Li and Mueller, 1997): 
 
“The calcite content in the formation ranges from 83 to 88%. The Austin Chalk formation 
has been deposited on a relatively flat surface in deep water environment (Li and 
Mueller, 1997). The formation contains coarser skeletal remains and includes interbedded 
layers of strong and soft chalk and chalky marl where some of the marl layers are 
strongly argillaceous (e.g., Burditt marl) (Stephenson, 1937). The porosity of the rock 
mass formations ranges from 6 to 30% (Corbett et al., 1987; Li and Mueller, 1997). 
Regional fractures in the chalk formation were created by the down-wrapping of the flat 
depositional surfaces because of the deposition of the Tertiary sand and shales (Li and 
Mueller, 1997).” 
 
3.5.9 Cherokee and Marmaton Groups, Missouri, USA 
The geology of Cherokee and Marmaton Groups in the Missouri area are discussed by 
Miller (2003). The Cherokee and Marmaton Groups are horizontally bedded and dip slightly in a 
northwesterly direction in the Missouri area. Miller (2003) indicates that the Cherokee and 
Marmaton formations consist of sandstone, siltstone, underclay (i.e., a very compact clay to 
claystone that underlies coal beds and commonly contains the roots of coal plants and may range 
from few centimeters to several meters, Miller, 2003), limestone and coal beds. The rock 
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subgroups that are encountered in Cherokee and Marmaton groups are “Verdigris, Croweburg, 
Bevier, Quivira, Drum, Chanute, Wea and Weir formations” Miller (2003). 
The Verdigris formation includes (from the base upward) (Thompson, 1995; Miller, 
2003) “a gray mudstone layer, black fissile shale that contains rounded and flattened phosphatic 
concentrations, gray thick bedded shaley limestone that is known as the Ardmore Limestone 
Member, poorly laminated gray clay shale and the Wheeler coal bed” (Thompson, 1995; Miller, 
2003). 
The Croweburg formation includes (from the base upward) (Thompson, 1995; Miller, 
2003) “a dark gray, thin and patchy, fossiliferous limestone, a black massive shale that grades 
upward into a medium gray shale, a gray micaceous siltstone and fine grained sandstone, an 
underclay bed and the Croweburg coal bed.” Standard Penetration tests (SPTs) by Miller (2003) 
shows SPT blow counts in the Croweburg formation averaged 100 blows in 3 in. (7.6 cm). Miller 
(2003) also reports liquid limit (LL) tests varied from 27 to 46% and the plastic limits (PI) varied 
from 11 to 23%. 
The Bevier formation includes (from the base upward) “a gray clay shale, a thin, red or 
black, limestone layer, a dark gray shale and the Bevier coal bed” (Thompson, 1995; Miller, 
2003). Miller (2003) reports SPT blow counts (N-values) in the Bevier formation averaged 100 
blows in 3.5 in. (9 cm), liquid limits varies from 25% in the upper zones of Bevier formation to 
39% in the lower zones and the plastic limit tests varied from 2 to 16%. Jar slake durability tests 
performed on the dark gray to black shale varies from a jar slake index of 5 to 6 (Miller, 2003). 
The Quivira shale member includes “a gray shale in the lower parts, a thin clay in the 
upper part and an overlying slightly fissile dark gray shale” (Miller, 2003). Jar slake durability 
tests performed by Miller (2003) ranged from 1 to 4 for Quivira shale member. 
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The Drum limestone formation “contains two limestone members (from the base 
upwards), the Cement City and the Corbin City limestone members.” The Cement City limestone 
member is a gray to buff limestone and RQD values measured by Miller (2003) varies from 22 to 
100%. The limestone typically consists of “Oolite and coarse skeletal debris, in some places 
contain limestone conglomerate, however, the limestone is predominantly characterized by the 
cross-bedded Oolite” (Hamblin, 1969). 
The Chanute shale formation consists of a “silty, gray or maroon claystone in the lower 
part that is overlain by a silty to sandy shale.” SPTs reported by Miller (2003) show SPT N-
values in the Chanute shale formation that ranged from 100 blows in 9 in. (23 cm) to 100 blows 
in 3 in. (7.6 cm). 
The Weir formation, according to Thompson (1995) is a “composite of three repeating 
layers. These layers in ascending order are 1) shale and clay whose thickness can reach up to 6 ft. 
(1.8 m) or more that contains numerous patches of ironstone, 2) a fine-grained sandstone layer 
whose thickness can reach up to 30 ft. (9.1 m) and 3) a siltstone layer that can reach thickness of 
up to 5 ft. (1.52 m).” 
 
3.5.10 Caddo formation, Oklahoma, USA 
The Caddo formation in Love County, Oklahoma is described by Bullard (1925). Caddo 
formation is approximately 150 ft. (46 m) thick. The formation primarily consists of shale that is 
interbedded with limestone layers. The formation is highly calcareous and can be divided into 
three layers namely, the lower, middle and upper layers. These layers are described by Bullard 




“The lower layer is about 22 ft. (6.7 m) and contains alternating layers of shale and 
limestone, the middle layer is approximately 56 ft. (17 m) thick and consists principally 
of shale and the upper layer is about 75 ft. (23 m) thick and consists of layers of shale and 
limestone where thickness of the shale layers is considerably greater than that of the 
limestone beds. The limestone is yellow in color and is marly. The shale is calcareous 
and blue in color. The limestone beds that occur in the lower parts of the Caddo 
formation contain numerous Iron stains resulting from chemical weathering in these 
beds.” 
 
3.5.11 Queenston shale formation, Ontario, Canada 
The Queenston formation is a deposit of approximately 180 m thick red shale in the 
vicinity of the Burlington, Ontario. The geology of Queenston shale formation has been 
discussed by Horvath (1982). The information provided below is based on the work of Horvath 
(1982). The shale in the Queenston formation consists of 26% quartz, 11% calcite, 2% dolomite, 
1% feldspar and 60% clay mineral (Horvath, 1982). The unit weight (γ) is approximately 26 
kN/m3, the water content is about 5%, liquid limit (LL) is 22%, plastic limit (PL) is 3%, 
unconfined compressive strength (qu) ranges from 4.7 to 11 MPa and the rock quality 
designation (RQD) can be as low as 29% and as high as 88% (Horvath, 1982). The shale is 
horizontally bedded and the bedding planes are poorly defined and contain 5 to 20% green-gray 
with beds that are 3 to 80 mm thick (Horvath, 1982). The stratigraphy of the Queenston 




“The Queenston shale formation is homogenous and shows only limited fissility. The 
upper 0.2 to 0.5 m of the shale is exposed and is highly weathered and is characterized 
with rock blocks that are 5 to 80 mm in size. Below this zone, exists a slightly weathered 
horizon. The joints in the Queenston shale formation are predominantly horizontal, 
however, oblique joints can be occasionally observed and these joints are often iron 
stained. In addition to the joints discussed, the formation also contains horizontal clay 
seams that can be as thick as 37 mm. The discontinuity spacing in Queenston shale 
formation is 0.5 to 1 m and the rock mass commonly becomes massive with depth. 
Localized seepage and wet zones are also observed at depths of up to 5 to 6 m.” 
 
3.5.12 Eagle Ford shale formation, Dallas, Texas, USA 
The geology of the Eagle Ford formation in East and North Texas areas have been 
described by Harbor (2011) and will be closely followed in this section. The Eagle Ford 
formation in the regions mentioned above include three members (from top to bottom of Eagle 
Ford formation) namely, “Arcadia Park, Britton and Tarrant members.” These formations are 
described below (Harbor, 2011): 
 
“The Tarrant member is approximately 15 ft. (4.6 m) thick and consists of gray to brown 
sandy clay with intermittent limestone layers. The Britton member is approximately 250 
ft. (76 m) thick and consists of blue clay with limestone. The frequency of the limestone 
layers increase at the top of this member. The upper most member, Arcadia Park, consists 
of (from bottom to top of the member) a 20 ft. (6 m) blue clay, a 1 to 3 ft. (0.3 to 0.9 m) 




3.5.13 Pierre shale formation, North and South Dakota, USA 
The Pierre shale formation extends from the South to North Dakota. This formation is 
discussed in detail by Gill and Cobban (1965) and Hodson (1969). The Pierre shale formation is 
of Cretaceous age and overlies the Niobrara formation and consists of four members (from 
bottom to top), namely “Pembina, Gregory, DeGrey and Odanah members.” This section will 
only focus on the uppermost member (i.e., Odanah member) whose properties are important to 
the design of drilled shafts in Pierre shale formation. 
The Odanah member consists of “thinly bedded, hard and light-colored shale” (MacLean, 
1916; Gill and Cobban, 1965). This formation contains “limonite stains” along the fractures and 
joints that exist in the formation. Along the Pembina River in North Dakota, the Odanah member 
of the Pierre shale formation may be described “as principally a hard gray siliceous shale that has 
a greenish cast and contains some thin beds of bentonite whose thickness can reach up to about 
0.8 ft. [(~ 0.2 m)] near the bottom of the formation. Some softer bentonitic shale is interbedded 
within the hard siliceous shale. Tovell (1948) noted further that the shale showed purple staining 
as well as limonitic staining and that irregularly distributed purple-stained zones were common” 
(Tovell, 1948; Gill and Cobban, 1965). 
Upham (1895), Barry and Melsted (1908) and Gill and Cobban (1965) studied the 
outcrops of Odanah member in the Pembina Mountain, “who observed the slate-like character of 
the shale, the iron-stained joint surfaces, and the abundance of ferruginous concretions. Barry 
and Melsted also recorded a persistent 1-foot [(0.3 m)] layer of yellow clay (bentonite) in the 
lower part of the member.” It must be noted that fossils in the Odanah member are not abundant 
(Gill and Cobban, 1965) and therefore the formation is not rich in carbonate content. 
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The thickness of the Odanah member of the Pierre shale formation is highly variable. Gill 
and Cobban (1965) provides a summary of different observations by different investigators as 
explained below: 
 
• “Barry and Melsted (1908) measured 150 ft. (46 m) of hard shale along the South Branch 
of the Park River in northern Walsh County which is interpreted as the Odanah Member 
in this area.” The thickness in this region can also reach up to 200 ft. (61 m) (Gill and 
Cobban, 1965). 
• Laird (1957) observed that the outcrops of the Odanah member was approximately 20 ft. 
(6 m) in the Devils Lake area. 
• Gill and Cobban (1965) explained that the “Odanah may reach a thickness of 
approximately 200 ft. (61 m) in eastern Rolette County, from where it appears to thin 
abruptly to the west.” 
 
The Odanah member also extends into South Dakota. Part of the Odanah grades 
southward into the Virgin Creek Member of the Pierre Shale of South Dakota (Searight, 1937). 
Searight (1937) and Gill and Cobban (1965) described this outcrop of the Odanah formation in 
south-central South Dakota as a “soft medium-gray flaky shale that contains several thin layers 
of bentonite. Farther north, the member becomes harder and lighter colored and 18 miles 
southwest of Mobridge, part of the member, as described by Searight (1937), is light gray, erodes 





3.5.14 Ocala limestone group, Florida, USA 
The Ocala limestone group has been described by Puri (1957) and Scott (2001). The 
name “Ocala” was used by geologists to refer to all calcareous formations in eastern Alabama 
and Florida that has been deposited between Eocene and Oligocene geologic times (Puri, 1957). 
Limestones outcrops near Ocala (Marion County in central Florida) are called Ocala Limestone 
(Dall and Harris, 1892). The discussions presented in the following paragraphs closely follow the 
work of Scott (2001).  
The Ocala Limestone consists mostly of pure limestones and occasional dolostones. It 
can be subdivided into “lower and upper members” on the basis of lithology and type of 
limestone material that is found in each zone (Puri, 1957; Scott, 2001). According to Scott 
(2001), the “lower member consists of a white to cream-colored, fine to medium grained, poorly 
to moderately indurated, very fossiliferous limestone (i.e., grainstone and packstone).” 
Moreover, “the lower layers may not be present throughout the areal extent of the Ocala 
Limestone and may be partially to completely dolomitized in some regions” (Miller, 1986; Scott, 
2001). Scott (2001) points out that the upper member of the Ocala limestone formation is a 
“white, poorly to well indurated, poorly sorted, very fossiliferous limestone (i.e., grainstone, 
packstone and wackestone).” According to Scott (2001), silicified limestone (i.e., chert) is 
abundant in the upper member. 
Puri (1957) further subdivides the Ocala limestone into three formations, namely “Crystal 
River formation, Williston formation and Inglis formation.” Puri (1957) describes these 




“The Inglis formation consists of cream to tan, soft porous limestone that is weathered 
and massive. The Williston formation overlies the Inglis formation and is cream to tan, 
soft detrital limestone. The limestone in this formation is granular, massive and porous. 
The Crystal River formation consists of a cream-colored, porous, firmly cemented detrital 
limestone. The limestone formation becomes denser with depth and is thinly bedded. 
Calcite growth can be observed on the irregular surfaces in the Crystal River formation.” 
 
3.5.15 Fort Thompson formation, Florida, USA 
The Fort Thompson formation in Florida was described by Krupa and Mullen (2005). 
The accounts of this formation presented in the subsequent paragraphs based on the work of 
Krupa and Mullen (2005).  
According to Krupa and Mullen (2005), “the Fort Thompson formation is generally 
sandy, hard, porous, fossiliferous and is associated with interconnecting solution cavities. The 
formation consists of layers of limestone and sandstone, with their frequencies and thicknesses 
varying [constantly]. The formation includes several beds of hard, dense, gray limestone of 
freshwater origin ranging in thickness from a few centimeters to several meters. Some of the 
denser beds can be traced over distances of several kilometers and others pinch out and reappear 
along a particular horizon. Solution channels occasionally penetrate those strata, permitting 
vertical movement of groundwater.” 
Shroeder et al. (1958) and Krupa and Mullen (2005) description of the Fort Thompson 




“The Fort Thompson Formation in the Dade-Broward county area is predominantly light 
gray to cream, fossiliferous, marine, sandy limestone and calcareous sandstone, with a 
few thin beds of gray and tan fresh-water limestone. The entire section has been 
subjected to solution by groundwater and the result is a cavity-riddled mass of permeable 
rock. Solution cavities are as much as several feet [meters] in diameter; some are filled or 
partially filled with fine and medium quartz sand. Some sand filling possibly occurred 
during flooding by Pleistocene seas. Loose sand such as this decreases the permeability 
of the aquifer, but if wells are heavily pumped much of the sand will be removed and a 
high permeability adjacent to a well will result. Cementation and redeposition of 
materials by groundwater movement are very much in evidence throughout the Fort 
Thompson Formation. Cementation of sand bodies by calcium carbonate has produced 
layers of hard, dense sandstone. Locally the cement is siliceous, producing a very hard 
quartzitic sandstone. An examination of limestone cores frequently shows secondary 
deposits of calcite crystals inside cavities or within concavities of marine shells. Fossils 
are preserved chiefly as molds and casts, rarely in their original form. Some cores of the 
Fort Thompson Formation show indications of bedding planes which provide zones of 
weakness along which groundwater solution takes place. Part of the Fort Thompson 
Formation is composed of very dense, hard non-fossiliferous limestone exhibiting little or 
no effect of groundwater action. In general, highly fossiliferous beds are markedly pitted 




3.5.16 Belle Fourche formation, South Dakota, USA 
Robinson et al. (1964) studied the Belle Fourche formation in South Dakota and the 
following discussion closely follows the work of Robinson et al. The Belle Fourche shale was 
named by Collier (1922) for exposures along the Belle Fourche River in the vicinity of Wind 
Creek, Crook County, Wyoming. The formation consists of “dark marine shale and is about 370 
ft. (112 m) thick along its outcrop between Newcastle and Osage in Weston County, Wyoming. 
Its thickness increases to about 750 ft. (228 m) at Thornton a few miles (kilometers) to the 
northwest and is 750 to about 850 ft. (228 to 260 m) thick from Thornton northward to the 
vicinity of Cedar Ridge in northwestern Crook County, Wyoming. The formation’s thickness 
reduces eastward from Cedar Ridge to about 450 ft. (137 m) near the Wyoming and South 
Dakota boundary” (Robinson et al., 1964). 
Robinson et al. (1964) further describes the basal part of this formation as follows: “the 
basal 40 to 50 ft. (12 to 15 m) of the Belle Fourche is mostly a soft gray to black shale. The shale 
weathers almost black in striking contrast to the underlying Mowry shale, which weathers light 
gray. The base of the Belle Fourche is at the top of the Clay Spur bentonite bed of the Mowry 
shale; this contact approximately marks the change downward from black- to light-gray 
weathering shale. Two persistent beds of bentonite have been noted by Knechtel and Patterson 
(1955, 1962) in the basal part of the Belle Fourche shale in northern Crook County, Wyoming 
and the same two beds are fairly prominent near Upton in Weston County, Wyoming. These 
beds lie from 1 to 4 ft. (0.3 1.2 m) and form about 20 to 30 ft. (6 to 9 m) above the base of the 
formation, respectively.” 
The layers above the basal section of the Belle Fourche formation may be described as 
follows: “Overlying the basal part of the Belle Fourche shale just described, a 300 to 450 ft. (91 
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to 137 m) of gray to black shale exists that contains a few laminae of friable light-gray, very 
fine-grained sandstone or siltstone with scattered red-weathering ironstone concretions and 
several beds of bentonite. Most of the bentonite beds are less than half a foot thick, however, one 
persistent bed referred to as the Gray-red bentonite is about 350 ft. (106 m) above the base of the 
formation in the Newcastle-Osage area, about 475 ft. (144 m) above the base of the formation at 
Cabin Creek and about 500 ft. (152 m) above the base of the formation in northeastern Crook 
County” (Knechtel and Patterson, 1962; Robinson et al., 1964). 
 
3.5.17 London clay formation, England 
The geology of London clay formation has been studied extensively (Whitaker, 1866; 
Skempton et al., 1969; Ellison et al., 2004; London Geological Society, 2006; Royse et al., 2012; 
Mathers et al., 2014). The London clay formation is a marine deposit of Eocene age (Skempton 
et al., 1969) and is a relatively homogeneous clay deposit that forms the upper part of the 
Thames Group (King, 1981). It is approximately 90 to 150 m thick that consists of clay with silty 
fine-grained sand at its base (Skempton et al., 1969; Mathers et al., 2014) and it includes more 
sand interbeds in the west of London. According to the London Geological Society (2006), the 
London clay formation is an “over-consolidated, fissured, silty clay deposit.” It primarily 
consists of illite/smectite and it is known to weather in the uppermost 10 m to form a 
“characteristic brown clay.” Skempton et al. (1969) also observed “heavy weathering that is 
mainly caused by oxidization of the clay in the locations where it is exposed at the ground 
surface.” Thin smectitic layers are found, particularly in the eastern part of the outcrop and also 
beneath the North Sea. Individual and clustered crystals of selenite (gypsum) are found scattered 
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through both weathered and unweathered material. Plant remains are also found in the London 
Clay and include wood fragments. 
The lower parts of London clay are predominantly characterized by “glauconitic sandy 
silts.” It underlies the Bagshot member (that is about 10 to 25 m thick and consists of fine 
grained sand that includes thin clay beds) and overlies the Harwich member (that is about 10 m 
thick and consists of clay fine grained sand) (Ellison et al., 2004; Royse et al., 2012). It underlies 
much of Greater London area and also outcrops in Essex, Kent, Hampshire, Sussex and the Isle 
of Wight (London Geological Society, 2006). 
The London clay formation has been subject to tectonic displacements and joints and 
slickensides are encountered in this formation. Regional variations have been described by 
Burnett and Fookes (1974), the principal of these being an overall increase in clay content and 
plasticity east of the London Basin (London Geological Society, 2006). Skempton et al. (1969) 
studied the secondary structure of the London clay and noted three main features, namely 
bedding planes, joints and fissures. Skempton et al. (1969) describe these features as follows: 
“the beddings in London clay are hard to observe, have consistent lithologies along their lengths 
and have gently undulating surfaces with a rough surface texture. The joints are often vertical 
with typically plane surfaces. Thin gouge clay is occasionally observed on the surface of the joint 
surfaces. The fissures are often subhorizontal and are parallel to the bedding planes. It is 
observed that the number of fissure per unit volume will usually increase as the depth from the 
ground surface decreases (Skempton et al., 1969; Terzaghi et al., 1996). Although fissures with 
slickensided surfaces can be observed in London clay, the fissure surfaces often exhibit a rough 
and matt surface texture that suggests little or no past movement on these surfaces.” 
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The effect of weathering and existence of the secondary structure of London clay on 
engineering properties has been investigated by Chandler and Apted (1988) and Chandler 
(2000): 
 
“Pre-existing sub-horizontal shear zones, due to flexural slip (folding and bedding slip), 
within the formation introduce major challenges to the design of structures in this 
formation (Chandler, 2000). Sub-vertical shear zones that result from faulting are also 
found within the London Clay. Such planes of weakness are found to have much lower 
strength than the surrounding material. Structures interacting with such weakness planes 
can trigger excessive movements if the foundation loads exceed allowable values.” 
 
3.5.18 Scoresby siltstone, Victoria, Australia 
Baycan (1996) described the siltstone in Victoria that is known as Scoresby siltstone. 
According to Baycan (1996), “the geology of the area consists predominantly of Silurian 
outcrop. The siltstones and shales in this area lie along a synclinal axis pitching gently to the 
north. Gentle westerly dips exist in this rock formation. The Silurian has been modified by 
Tertiary weathering in its uppermost 30 m. The blue Silurian at depth is [oxidized] and features a 
mantle approximately 20 m thick.” 
Boreholes drilled by Baycan (1996) lead to an accurate account of weathering at this site: 
 
“Rock consists of slightly to moderately weathered siltstone. The siltstone is horizontally 
bedded. Beds of sandstone 5 mm to 30 mm in thickness are also found within the 
siltstone formation. The bedding is well-defined and has a dip of approximately 2 to 6 
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degrees. The joints are principally horizontal and the typical spacing at the site ranges 
from 100 to 150 mm. The rock can be described as blue/grey with orange brown staining 
through the sandstone Baycan (1996). The groundwater level is generally at the ground 
surface.” 
 
3.5.19 Jurong formation, Singapore 
According to Rahardjo et al. (2004), the Jurong formation covers the south, southwest 
and west of Singapore and consists of conglomerate, sandstone, shale, mudstone, limestone and 
dolomite. The Jurong formation was deposited during late Triassic to early or mid-Jurassic 
geologic time (Rahardjo et al., 2004). Jurong formation contains significant folding and faulting 
due to the past tectonic activities (Rahardjo et al., 2004). 
Rahardjo et al. (2004) further describes the Jurong formation as follows: “in the Jurong 
sedimentary formation, the general trend of shear strength parameters with depth is not as 
distinct that could be due to the existence of different types of parent rocks in the Jurong 
sedimentary formation. The Jurong formation was formed in stratified layers of sandstone, 
siltstone and mudstone. Therefore, even with the same exposure to weathering as the Bukit 
Timah granitic formation, the different types of sedimentary rocks in the Jurong formation 
exhibited more heterogeneous weathering products and diverse shear strengths.” 
 
3.5.20 Hawkesbury sandstone formation, Sydney, Australia 
The Hawkesbury sandstone extends over an area that is approximately equal to 12,500 
km2 in the Sydney basin (Pells, 1977). The Hawkesbury formation is described by Pells (1977) 
as follows: “the Hawkesbury formation consists mainly of massive sandstone beds that can reach 
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up to 15 m in thickness, however, some interlaminated shale can also be found in the formation 
(Pells, 1977). According to Pells (1977), the sandstone mainly is composed of subangular quartz 
grains with argillaceous matrix and some siderite cement. Pells (1977) also points out that 
secondary silica occurs in the Hawkesbury sandstone as overgrowth around the quartz grains. 
The presence of the overgrowth and its special variability greatly influences the variability of the 
strength and deformability of the Hawkesbury sandstone. The Hawkesbury formation consists of 
68% quartz, matrix clay of 24% (i.e., kaolinite and illite) and 8% of secondary silica and siderite. 
The rock formation is also characterized by the scarcity of the fossil remains, unidirectional 
paleocurrent distribution of cross-strata, planar and curved cross strata that can reach up to 7.5 m 
in thickness, scarcity of the overbank deposits and presence of mudrock filled channels (Pells, 
1977).” 
 
3.6 Concluding Remarks 
The available databases in the technical literature are studied. While these databases have 
contributed to our general understanding of the behavior of drilled shafts in rocks, they are not 
suitable for study of drilled shaft axial behavior in soft rock mass. This is because i) they contain 
a wide range of rock types and mineralogies, ii) they contain a wide range of rock strengths, iii) 
the number of drilled shaft load tests in these databases is limited and iv) the rock mass 
properties and drilled shaft results are not properly reported. To improve the existing databases 
and the available data for the purpose of study of axial behavior of drilled shafts in soft rock, the 
Author conducted an extensive literature review. 317 drilled shaft load tests in soft rock where 
shear stress-shear displacement for side of rock socket was available are collected and analyzed. 
192 drilled shaft load tests in soft rock where tip resistance was back-calculated are also 
143
 
collected and analyzed. The rock shear strength and deformational properties, drilled shaft 
geometries, load test method and construction techniques pertaining to each case history are 
discussed in detail in this chapter and in Appendices A and B and later in Chapter 9, 10 and 11. 
These databases are used in Chapter 6 for evaluation of the current design methods. The 
databases are then used in Chapters 9, 10 and 11 for the analysis of axial behavior of drilled 








Table 3.1 Summary of the DFLTD contents (reproduced in full form Abu-Hejleh et al., 2015) 
 
By State 
State No. of LoadTests State No. of Load Tests State No. of Load 
Tests 
California 327 Louisiana 245 Florida 163 
Mississippi 98 Texas 37 New York 36 
Arizona 35 Pennsylvania 24 Hawaii 23 
South Carolina 19 Nevada 18 Colorado 11 
Massachusetts 11 Washington 10 New Mexico 8 
 
By Foundation Types 
















Closed Pipe Pile: 
371 356 175 104 62 60 51 61 
Screw Pile  (3), Micropile (4), Monotube (18), Auger cast (9), Composite (13) 
 





























Table 3.1 Cont. Summary of the DFLTD contents (reproduced in full form Abu-Hejleh et al., 2015) 
 
By Types of Applied Loads in the Load Test 
Compression Tension Lateral 
1132 67 44 
 
By Type of Load Tests 
Standard Quick Osterberg Statnamic 
692 394 24 131 
 
By Type of Performed Soil Tests 
Boring data Lab data SPT (all Types) CPT (all Types) PMT 
723 752 971 275 75 
By Description of the Foundation Soil 
Cohesive Cohesionless Variable Rock 
(including Intermediate Geomaterials) 










ID Reference Rock Socket Rock Type Rock Formation Location
SR1 Williams (1980) S1, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR2 Williams (1980) S3, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR3 Williams (1980) S5, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR4 Williams (1980) S12, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR5 Williams (1980) S14, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR6 Williams (1980) S15, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR7 Williams (1980) S16, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR8 Williams (1980) M1, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR9 Williams (1980) M2, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR10 Williams (1980) M10, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR11 Williams (1980) M11, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR12 Williams (1980) WG303/2, rock socket Siltstone Dargile Melbourne , Asutralia
SR13 Williams (1980)
Eastern Freeway, rock 
socket Mudstone Dargile Melbourne , Asutralia
SR14 Williams (1980) F1, rock socket Mudstone Dargile Melbourne , Asutralia
SR15 Williams (1980) F2, rock socket Mudstone Dargile Melbourne , Asutralia
SR16 Williams (1980) M8, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR17 Williams (1980) M9, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR18 Williams (1980) M10, rock socket Siltstone Anderson Creek Melbourne , Asutralia
SR19 LT (2001) LT8718-2, Ocell-SG1 Shale Graneros Shale Kansas, United States
SR19 LT (2001) LT8718-2, SG1-SG2 Shale Graneros Shale Kansas, United States
SR19 LT (2001) LT8718-2, SG2-top Shale Graneros Shale Kansas, United States
SR20 LT (2001) LT8718-1, Ocell-SG1 Shale Graneros Shale Kansas, United States
SR20 LT (2001) LT8718-1, SG1-SG2 Shale Graneros Shale Kansas, United States
SR20 LT (2001) LT8718-1, SG2-top of shaft Shale Graneros Shale Kansas, United States
SR21 LT (2002) LT8854, SG1-Ocell Clay shale Winneshiek Shale Iowa, United States
SR21 LT (2002) LT8854, Ocell-SG2 Clay shale Winneshiek Shale Iowa, United States
SR21 LT (2002) LT8854, SG2-SG3 Clay shale Winneshiek Shale Iowa, United States
SR21 LT (2002) LT8854, SG3-SG4 Clay shale Winneshiek Shale Iowa, United States
SR21 LT (2002) LT8854, SG4-SG5 Clay shale Winneshiek Shale Iowa, United States
SR21 LT (2002) LT8854, SG5-zero shear Clay shale Winneshiek Shale Iowa, United States
SR22 LT (2001) LT8816, Ocell-SG1 Shale Fairport Chalk Kansas, United States
SR22 LT (2001) LT8816, SG1-top of shaft Shale Fairport Chalk Kansas, United States
SR23 LT (2004) LT9048, Ocell-top of shaft Shale Missouri, United States
SR24 LT (2008) LT9405, Ocell-SG1 Shale Illinois, United States
SR24 LT (2008) LT9405, SG1-SG2 Shale Illinois, United States


















































































Drilling Method Load Test Method
3 flight auger compression (top loaded)
3 flight auger compression (top loaded)
3 flight auger compression (top loaded)
casing barrel compression (top loaded)
casing barrel compression (top loaded)
casing barrel compression (top loaded)
casing barrel compression (top loaded)
bucket auger - concrete 
cast under bentonite compression (bottom loaded)
bucket auger - roughened - 
concrete cast against wet 
dewatered socket walls compression (bottom loaded)
bucket auger - concrete 
cast against wet socket 
walls compression (bottom loaded)
bucket auger - concrete 
cast under bentonite compression (bottom loaded)
combination of machine 
and hand drilling compression (bottom loaded)
bucket auger compression (top loaded)
unknown compression (bottom loaded)
unknown compression (bottom loaded)
bucket auger compression (top loaded)
bucket auger compression (top loaded)
bucket auger compression (top loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger and core barrel compression (bottom loaded)
auger and core barrel compression (bottom loaded)
auger and core barrel compression (bottom loaded)
auger and core barrel compression (bottom loaded)
auger and core barrel compression (bottom loaded)
auger and core barrel compression (bottom loaded)
rock auger compression (bottom loaded)
rock auger compression (bottom loaded)
rock auger compression (bottom loaded)
unknown compression (bottom loaded)
unknown compression (bottom loaded)
unknown compression (bottom loaded)
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ID Reference Rock Socket Rock Type Rock Formation Location
SR25 LT (2004) LT9021, Ocell-SG2 Shale/limestone
Oread Limestone, Snyderville 
Shale member Kansas, United States
SR25 LT (2004) LT9021, SG2-SG3 Shale/limestone
Oread Limestone, Snyderville 
Shale member Kansas, United States
SR25 LT (2004) LT9021, SG3-SG4 Shale
Oread Limestone, Snyderville 
Shale member Kansas, United States
SR26 LT (2003) LT8929, Ocell-SG1 Shale Kansas, United States
SR27 LT (2003) LT8916, Ocell-SG1 Shale Paddock Shale
Butler County, Kansas, United 
States
SR27 LT (2003) LT8916, SG1-SG2 Shale Paddock Shale
Butler County, Kansas, United 
States
SR28 LT (2001) LT8733, Ocell-SG1 Sandy shale Severy Shale Topeka, Kansas, United States
SR28 LT (2001) LT8733, SG1-SG2 Sandy shale Severy Shale Topeka, Kansas, United States
SR28 LT (2001) LT8733, SG2-zero shear Sandy shale Severy Shale Topeka, Kansas, United States
SR29 LT (1998) LT8415-2, Ocell-SG2 Shale
Owensboro, Kentucky, United 
States
SR29 LT (1998) LT8415-2, SG2-SG3 Shale
Owensboro, Kentucky, United 
States
SR29 LT (1998) LT8415-2, SG3-SG4 Shale
Owensboro, Kentucky, United 
States
SR30
Abu-Hejleh et al 
(2003) I225 Site, Ocell-SG1 Claystone Denver/Arapahoe Denver, Colorado, United States
SR30
Abu-Hejleh et al 
(2003) I225 Site, SG1-SG2 Claystone Denver/Arapahoe Denver, Colorado, United States
SR31
Abu-Hejleh et al 
(2003)
County Line site, Ocell-
SG1 Claystone Dawson Denver, Colorado, United States
SR31
Abu-Hejleh et al 
(2003) County Line site, SG1-SG2 Claystone Dawson Denver, Colorado, United States
SR31
Abu-Hejleh et al 
(2003)
County Line site, SG2-top 
of shaft Claystone Dawson Denver, Colorado, United States
SR32
Abu-Hejleh et al 
(2003) Franklin site, Ocell-SG1 Claystone Denver/Arapahoe Denver, Colorado, United States
SR32
Abu-Hejleh et al 
(2003) Franklin site, SG1-SG2 Claystone Denver/Arapahoe Denver, Colorado, United States
SR32
Abu-Hejleh et al 
(2003)
Franklin site, SG2-top of 
shaft Claystone Denver/Arapahoe Denver, Colorado, United States
SR33
Abu-Hejleh et al 
(2003) Broadway site, Ocell-SG1 Sandstone Denver/Arapahoe Denver, Colorado, United States
SR33
Abu-Hejleh et al 
(2003) Broadway site, SG1-SG2 Sandstone Denver/Arapahoe Denver, Colorado, United States
SR33
Abu-Hejleh et al 
(2003)
Broadway site, SG2-top of 
shaft Sandstone Denver/Arapahoe Denver, Colorado, United States
SR34
Spanovich and 
Garvin (1979) TS3, rock socket Silty shale






Garvin (1979) TS4, rock socket Silty shale






Garvin (1979) TS9, rock socket Silty shale

































































Drilling Method Load Test Method
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
shale style drag bit compression (bottom loaded)
shale style drag bit compression (bottom loaded)
shale style drag bit compression (bottom loaded)
flight auger compression (bottom loaded)
flight auger compression (bottom loaded)
flight auger compression (bottom loaded)
flight auger compression (bottom loaded)
flight auger compression (bottom loaded)
flight auger compression (bottom loaded)
flight auger compression (bottom loaded)
flight auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)
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ID Reference Rock Socket Rock Type Rock Formation Location
SR37
Spanovich and 
Garvin (1979) TS2, rock socket Silty shale






Garvin (1979) TS7, rock socket Silty shale





Aurora and Reese 
(1977) MT1, rock socket Shale Austin Formation
Montopolis, Austin, United 
States
SR40
Aurora and Reese 
(1977) MT2, rock socket Shale Austin Formation
Montopolis, Austin, United 
States
SR41
Aurora and Reese 
(1977) MT3, rock socket Shale Austin Formation
Montopolis, Austin, United 
States
SR42
Aurora and Reese 
(1977) DT1, rock socket Shale Austin Formation Dallas, Texas, United States
SR43 Miller (2003) TS1A, Ocell-SG2 Clayshale/limestone Verdigris and Croweburg
Lexington, Missouri, United 
States
SR43 Miller (2003) TS1A, SG3-SG4 Clayshale/limestone Verdigris and Croweburg
Lexington, Missouri, United 
States
SR43 Miller (2003) TS1A, SG4-top Clayshale/limestone Verdigris and Croweburg
Lexington, Missouri, United 
States
SR43 Miller (2003) TS1A, Ocell-SG1 Clayshale/limestone Verdigris and Croweburg
Lexington, Missouri, United 
States
SR43 Miller (2003) TS1A, SG2-SG3 Clayshale/limestone Verdigris and Croweburg
Lexington, Missouri, United 
States
SR44 Miller (2003)
TS2, lower ocell-upper 
ocell Clayshale/silt shale Bevier
Lexington, Missouri, United 
States
SR44 Miller (2003) TS2, upper ocell-SG3 Clayshale/silt shale Bevier
Lexington, Missouri, United 
States
SR44 Miller (2003) TS2, SG3-SG4 Clayshale/silt shale Bevier
Lexington, Missouri, United 
States
SR44 Miller (2003) TS2, SG4-top Clayshale/silt shale Bevier
Lexington, Missouri, United 
States
SR45 Miller (2003) TS, Ocell-SG4 Shale/limestone
Quivira Shale and Drum 
Limestone
Grandview, Missouri, United 
States
SR45 Miller (2003) TS, SG4-SG5 Shale/limestone Chanute
Grandview, Missouri, United 
States
SR45 Miller (2003) TS, SG5-SG6 Shale/limestone Chanute
Grandview, Missouri, United 
States
SR45 Miller (2003) TS, SG6-top Shale/limestone Chanute
Grandview, Missouri, United 
States
SR45 Miller (2003) TS, SG1-tip Shale/limestone Wea
Grandview, Missouri, United 
States
SR46 Miller (2003) Waverly, Ocell-SG2 Clayshale/silt shale Weir
Waverly, Missouri, United 
States
SR46 Miller (2003) Waverly, SG2-SG3 Clayshale/silt shale Weir
Waverly, Missouri, United 
States
SR46 Miller (2003) Waverly, SG3-SG4 Clayshale/silt shale Weir
Waverly, Missouri, United 
States
SR46 Miller (2003) Waverly, SG4-zero shear Clayshale/silt shale Weir



























































Drilling Method Load Test Method
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
Bullet tooth rock auger 
and core barrel compression (bottom loaded)
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ID Reference Rock Socket Rock Type Rock Formation Location
SR47
Matich and Kozicki 
(1967) Caisson 4, rock socket Shale Broad Cove
Brookfield, Nova Scotia, 
Canada
SR48
Geoke and Hustad 
(1980) TS1, 22 ft (6.7 m) Clay shale Caddo Oklahoma, United States
SR48
Geoke and Hustad 
(1980) TS1, 28 ft (8.5 m) Clay shale Caddo Oklahoma, United States
SR49
Geoke and Hustad 
(1980) TS2, 20 ft (6.1 m) Clay shale Caddo Oklahoma, United States
SR49
Geoke and Hustad 
(1980) TS2, 30 ft (9.1 m) Clay shale Caddo Oklahoma, United States
SR50 Wilson (1976)
East tension pile, rock 
socket Mudstone Uitenhage series Port Elizabeth, South Africa
SR51 Wilson (1976)
West tension pile, rock 
socket Mudstone Uitenhage series Port Elizabeth, South Africa
SR52 Horvath (1982) Test pier 1, rock socket Mudstone Queenston Shale Burlington, Ontario, Canada
SR53 Horvath (1982) Test pier 2, rock socket Mudstone Queenston Shale Burlington, Ontario, Canada
SR54 Horvath (1982) Test pier 3, rock socket Mudstone Queenston Shale Burlington, Ontario, Canada
SR55 Horvath (1982) Test pier 4, rock socket Mudstone Queenston Shale Burlington, Ontario, Canada
SR56 Horvath (1982) Test pier 5, rock socket Mudstone Queenston Shale Burlington, Ontario, Canada
SR57 Horvath (1982) Test pier 6, rock socket Mudstone Queenston Shale Burlington, Ontario, Canada
SR58 Sheikh et al (1985)
North reaction shaft, rock 
socket Shale Eagle Ford Shale
Southwestern Lab, Inc., Dallas, 
Texas, United States
SR59 Sheikh et al (1985)
South reaction shaft, rock 
socket Shale Eagle Ford Shale
Southwestern Lab, Inc., Dallas, 
Texas, United States
SR60 Bump et al (1971) Wendte, rock socket Shale Verendrye member, Pierre Shale
Wendte, South Dakota, United 
States
SR61 Bump et al (1971) Okaton, rock socket Shale
Mobridge and Virgin Creek 
member, Pierre Shale
Okaton, South Dakota, United 
States
SR62 Bump et al (1971) Wall, rock socket Silt and clay White River Formation
Wall, South Dakota, United 
States
SR63 Bump et al (1971) Pierre, DS1,  rock socket Shale Verendrye member, Pierre Shale
Pierre, South Dakota, United 
States
SR64 Bump et al (1971) Pierre, DS2, rock socket Shale Verendrye member, Pierre Shale
Pierre, South Dakota, United 
States
SR65 Bump et al (1971) Pierre, DS3, rock socket Shale Verendrye member, Pierre Shale
Pierre, South Dakota, United 
States
SR66 Bump et al (1971) Pierre, DS4, rock socket Shale Verendrye member, Pierre Shale
Pierre, South Dakota, United 
States
SR67 Bump et al (1971) Pierre, DS5, rock socket Shale Verendrye member, Pierre Shale
Pierre, South Dakota, United 
States
SR68 Bump et al (1971) Pierre, DS6, rock socket Shale Verendrye member, Pierre Shale
Pierre, South Dakota, United 
States
SR69
Reese and Hudson 
(1968) Montopolis, rock socket Hard tan clay





























































Drilling Method Load Test Method
Auger and roughned tension
rock auger compression (top loaded)
rock auger compression (top loaded)
rock auger compression (top loaded)
rock auger compression (top loaded)
auger tension
auger tension
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)




















ID Reference Rock Socket Rock Type Rock Formation Location
SR70
Bloomquist and 
Townsend (1991) Newberry site, Plug 1 Limestone
Ocala Limestone, Floridian 
aquifer




Townsend (1991) Newberry site, Plug 2 Limestone
Ocala Limestone, Floridian 
aquifer




Townsend (1991) Newberry site, Plug 3 Limestone
Ocala Limestone, Floridian 
aquifer




Townsend (1991) Newberry site, Plug 4 Limestone
Ocala Limestone, Floridian 
aquifer




Townsend (1991) Newberry site, Plug 5 Limestone
Ocala Limestone, Floridian 
aquifer




Townsend (1991) Gulf Hammock, Plug 1 Dolomite Avon Park




Townsend (1991) Gulf Hammock, Plug 2 Dolomite Avon Park




Townsend (1991) Gulf Hammock, Plug 3 Dolomite Avon Park




Townsend (1991) Gulf Hammock, Plug 5 Dolomite Avon Park




Townsend (1991) Gulf Hammock, Plug 9 Dolomite Avon Park





Dadeland North Miami, 
Plug 1 Sandstone
Miami Limestone and Fort 
Thompson





Dadeland North Miami, 
Plug 2 Limestone
Miami Limestone and Fort 
Thompson





Dadeland North Miami, 
Plug 3 Limestone
Miami Limestone and Fort 
Thompson




Townsend (1991) Miami Metromover, Plug 1 Limestone
Miami Limestone and Fort 
Thompson Miami, Florida, United States
SR84
Bloomquist and 
Townsend (1991) Miami Metromover, Plug 2 Limestone
Miami Limestone and Fort 
Thompson Miami, Florida, United States
SR85
Bloomquist and 
Townsend (1991) Miami Metromover, Plug 3 Limestone
Miami Limestone and Fort 
Thompson Miami, Florida, United States
SR86
Bloomquist and 
Townsend (1991) Miami Metromover, Plug 4 Limestone
Miami Limestone and Fort 
Thompson Miami, Florida, United States
SR87
Bloomquist and 
Townsend (1991) Miami Metromover, Plug 5 Limestone
Miami Limestone and Fort 
Thompson Miami, Florida, United States
SR88
Bloomquist and 
Townsend (1991) Miami Metromover, Plug 6 Limestone
Miami Limestone and Fort 
Thompson Miami, Florida, United States
SR89
Brown and 




















































Drilling Method Load Test Method
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel compression (bottom loaded)
core barrel and auger compression (bottom loaded)
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ID Reference Rock Socket Rock Type Rock Formation Location
SR90 Sandberg (1993) Site A, shaft A1 Silty clayshale Belle Fourche
Rapid City, South Dakota, 
United States
SR91 Sandberg (1993) Site A, shaft A2 Silty clayshale Belle Fourche
Rapid City, South Dakota, 
United States
SR92 Sandberg (1993) Site A, shaft A3 Silty clayshale Belle Fourche
Rapid City, South Dakota, 
United States
SR93 Sandberg (1993) Site C, shaft C1
Sandy shale and 
sandstone
Rapid City, South Dakota, 
United States
SR94 Sandberg (1993) Site C, shaft C2
Sandy shale and 
sandstone
Rapid City, South Dakota, 
United States
SR95 Sandberg (1993) Site C, shaft C3
Sandy shale and 
sandstone
Rapid City, South Dakota, 
United States
SR96 Sandberg (1993) Site D, shaft D1 Siltstone and shale Carlile
Rapid City, South Dakota, 
United States
SR97 Sandberg (1993) Site D, shaft D2 Siltstone and shale Carlile
Rapid City, South Dakota, 
United States
SR98 Sandberg (1993) Site D, shaft D3 Siltstone and shale Carlile
Rapid City, South Dakota, 
United States
SR99 Sandberg (1993) Site E, shaft E1 Shale Pierre
Rapid City, South Dakota, 
United States
SR100 Sandberg (1993) Site E, shaft E2 Shale Pierre
Rapid City, South Dakota, 
United States
SR101 Sandberg (1993) Site E, shaft E3 Shale Pierre
Rapid City, South Dakota, 
United States
SR102 Sandberg (1993) Site F, shaft F1 Shale Pierre
Pierre, South Dakota, United 
States
SR103 Sandberg (1993) Site F, shaft F2 Shale Pierre
Pierre, South Dakota, United 
States
SR104 Sandberg (1993) Site F, shaft F3 Shale Pierre
Pierre, South Dakota, United 
States
SR105
Engeling and Reese 
(1974) TS1, 4 ft (1.1 m) Clay Bryan, Texas, United States
SR105
Engeling and Reese 
(1974) TS1, 8 ft (2.44 m) Clay Bryan, Texas, United States
SR105
Engeling and Reese 
(1974) TS1, 40.75 ft (12.4 m) Clay Bryan, Texas, United States
SR106
Engeling and Reese 
(1974) TS2, 50 ft (15.2 m) Sandy fissured clay San Juan, Puerto Rico
SR107 Newman et al (1981) Pier B, rock socket
Siltstone, sandstone, 
claystone
Allegheny and Pottsville 
Groups
Steubenville, Ohio, United 
States
SR108
Kondziolka et al 
(1995) Site 93, test 4, rock socket Cemented alluvium Arizona, United States
SR109
Kondziolka et al 
(1995) Site 93, test 6, rock socket Cemented alluvium Arizona, United States
SR110
Kondziolka et al 























































































ID Reference Rock Socket Rock Type Rock Formation Location
SR111
Kondziolka et al 
(1995) Site 93, test 10, rock socket Cemented alluvium Arizona, United States
SR112
Kondziolka et al 
(1995) Site 154, test 4, rock socket Cemented alluvium Arizona, United States
SR113
Kondziolka et al 
(1995) Site 154, test 6, rock socket Cemented colluvium Arizona, United States
SR114
Kondziolka et al 
(1995) Site 154, test 8, rock socket Cemented colluvium Arizona, United States
SR115
Kondziolka et al 
(1995)
Site 160, test 2.5, rock 
socket Weathered granite Arizona, United States
SR116
Kondziolka et al 
(1995)
Site 160, test 4.5, rock 
socket Weathered granite Arizona, United States
SR117
Kondziolka et al 
(1995) Site 160, test 5, rock socket Weathered granite Arizona, United States
SR118
Kondziolka et al 
(1995) Site 625, test 2, rock socket
Sedimentary 
congloromate Arizona, United States
SR119
Kondziolka et al 
(1995)
Site 625, test 3.5, rock 
socket
Sedimentary 
congloromate Arizona, United States
SR120
Kondziolka et al 
(1995) Site 625, test 5, rock socket
Sedimentary 
congloromate Arizona, United States
SR121
Kondziolka et al 
(1995) Site 625, test 8, rock socket
Sedimentary 
congloromate Arizona, United States
SR122 Cooke (1979) Pile 7, rock socket London clay London Clay London, United Kingdom
SR123 Cooke (1979) Pile 8, rock socket London clay London Clay London, United Kingdom
SR124 Cooke (1979) Pile 9, rock socket London clay London Clay London, United Kingdom
SR125 Cooke (1979) Pile 10, rock socket London clay London Clay London, United Kingdom
SR126 Cooke (1979) Pile 11, rock socket London clay London Clay London, United Kingdom
SR127 Cooke (1979) Pile 12, rock socket London clay London Clay London, United Kingdom
SR128 Cooke (1979) Pile 13, rock socket London clay London Clay London, United Kingdom
SR129 Nam (2004) Hampton site, test socket Clay shale Eagle Ford Shale
Hampton, Dallas, Texas, United 
States
SR129 Nam (2004)
Hampton site, reaction 
socket Clay shale Eagle Ford Shale
Hampton, Dallas, Texas, United 
States
SR130 Nam (2004) Denton site, test socket Clay shale Eagle Ford Shale
Denton Tap, Lewisville, Texas, 
United States
SR130 Nam (2004) Denton site, reaction socket Clay shale Eagle Ford Shale
Denton Tap, Lewisville, Texas, 
United States
SR131 Nam (2004)
Rowlett Creek site, test 
socket Limestone Austin Chalk
Rowlett Creek, Collin County, 
Texas, United States
SR131 Nam (2004)
Rowlett Creek site, reaction 
socket Limestone Austin Chalk
Rowlett Creek, Collin County, 
Texas, United States
SR132 Carrubba (1997) Pile 1, socket Marl Pliocene Marl Rosignano, Tuscany, Italy
SR133 Carrubba (1997) Pile 2, socket Diabasic breccia Rosignano, Tuscany, Italy
SR134 Carrubba (1997) Pile 3, socket Gypsum Rosignano, Tuscany, Italy














































































flight auger compression (top loaded)
flight auger compression (top loaded)
flight auger compression (top loaded)
flight auger (bore hole 
filled by bentonite before 
concreting) compression (top loaded)
flight auger compression (top loaded)
drilling bucket (under 
bentonite) compression (top loaded)
drilling bucket (under 
bentonite) compression (top loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
auger compression (bottom loaded)
rock bit compression (top loaded)
rock bit compression (top loaded)
rock bit compression (top loaded)
rock bit compression (top loaded)
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ID Reference Rock Socket Rock Type Rock Formation Location
SR136
Glos and Briggs 
(1983) East shaft, socket Shaley sandstone Picture Cliffs
Farmington, New Mexico, 
United States
SR137
Glos and Briggs 
(1983) West shaft, socket Shaley sandstone Picture Cliffs
Farmington, New Mexico, 
United States
SR138 Bullock (2003) Shaft 11, 12 ft (3.7 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR138 Bullock (2003) Shaft 11, 20 ft (6.1 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR138 Bullock (2003) Shaft 11, 27 ft (8.2 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR138 Bullock (2003) Shaft 11, 31.5 ft (9.6 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR139 Bullock (2003) Shaft 2, 21.6 ft (6.6 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR139 Bullock (2003) Shaft 2, 30.1 ft (9.2 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR139 Bullock (2003) Shaft 2, 35.6 ft (10.85 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR140 Bullock (2003) Shaft 10, 23 ft (7 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR140 Bullock (2003) Shaft 10, 29 ft (8.8 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR140 Bullock (2003) Shaft 10, 34.75 ft (10.6 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR141 Bullock (2003) Shaft 5, 35 ft (10.7 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR142 Bullock (2003) Shaft 7, 26.65 ft (8.1 m) Limestone Vicksburg Limestone
Bristol/Blountstown, Florida, 
United States
SR143 Schmertmann (1977) Test 1, rock socket Limestone
Islamorada, Florida, United 
States
SR144 Schmertmann (1977) Test 2, rock socket Limestone
Islamorada, Florida, United 
States
SR145 Schmertmann (1977) Test 3, rock socket Limestone
Islamorada, Florida, United 
States
SR146 Schmertmann (1977) Test 4, rock socket Limestone
Islamorada, Florida, United 
States
SR147 Schmertmann (1977) Test 5, rock socket Limestone
Islamorada, Florida, United 
States
SR148 Schmertmann (1977) Test 6, rock socket Limestone
Islamorada, Florida, United 
States
SR149 Schmertmann (1977) Test 7, rock socket Limestone
Islamorada, Florida, United 
States
SR150 Schmertmann (1977) Test 8, rock socket Limestone























































Drilling Method Load Test Method
auger compression (top loaded)




























ID Reference Rock Socket Rock Type Rock Formation Location
SR151 Schmertmann (1977) Test 9, rock socket Limestone
Islamorada, Florida, United 
States
SR152 Schmertmann (1977) Test 10, rock socket Limestone
Islamorada, Florida, United 
States
SR153 Schmertmann (1977) Test 11, rock socket Limestone
Islamorada, Florida, United 
States
SR154 Schmertmann (1977) Test 12, rock socket Limestone
Islamorada, Florida, United 
States
SR155 Schmertmann (1977) Test 13, rock socket Limestone
Islamorada, Florida, United 
States
SR156 Schmertmann (1977) Test 14, rock socket Limestone




Thompson (2008) LT8373, Ocell-SG1 Siltstone




Thompson (2008) LT8373, SG1-SG2 Siltstone




Thompson (2008) LT8461-1, SG1-SG2 Chack Demopolis




Thompson (2008) LT8461-2, SG1-SG2 Siltstone Ripley




Thompson (2008) LT8487, rock socket Siltstone Hattiesburg




Thompson (2008) LT8661, SG3-SG4 Cooper marl Cooper Marl




Thompson (2008) LT8788, SG1-SG2 Hard clay Yazoo




Thompson (2008) LT8912-1, rock socket Hard clay Clayton




Thompson (2008) LT8912-2, SG1-SG2 Siltstone/sandstone Ripley
Pontotoc County, Mississippi, 
United States
SR165 Thompson (1994)
Andalusia, Shaft 1, 0-6.5 ft 
(0-2 m) Claystone
Andalusia, Alabama, United 
States
SR166 Thompson (1994)
Andalusia, Shaft 2, 0-11.5 
ft (0-3.5 m) Claystone
Andalusia, Alabama, United 
States
SR167 Thompson (1994) Blount County, rock socket Shale
Blount County, Alabama, 
United States
SR168 Thompson (1994) Wilsonville, rock socket Shale
Wilsonville, Alabama, United 
States
SR169 Thompson (1994) Owensboro, rock socket Shale
Owensboro, Kentucky, United 
States
SR170 Thompson (1994) Leake County, rock socket Marl

































































bucket auger compression (bottom loaded)
auger compression (bottom loaded)
bucket auger compression (bottom loaded)














ID Reference Rock Socket Rock Type Rock Formation Location
SR171 Thompson (1994)
Mt. Pleasant, Shaft 1, rock 
socket Cooper marl Cooper Marl
Mt. Pleasant, South Carolina, 
United States
SR172 Thompson (1994)
Mt. Pleasant, Shaft 2, rock 
socket Cooper marl Cooper Marl
Mt. Pleasant, South Carolina, 
United States
SR173
O'Neill and Majano 
(1996) St. Croix River, test socket Sandstone Franconia
Stillwater, Minnesota, United 
States
SR174
Vijayvergiya et al 
(1969)
San Antonio site, 22.65 ft 
(6.9 m) Clay shale
San Antonio, Bexar County, 
Texas, USA
SR174
Vijayvergiya et al 
(1969)
San Antonio site, 26.52 ft 
(8.1 m) Clay shale
San Antonio, Bexar County, 
Texas, USA
SR175
Whitaker and Cooke 
(1966) Pile K London clay London Clay London, United Kingdom
SR176
Whitaker and Cooke 
(1966) Pile X London clay London Clay London, United Kingdom
SR177
Whitaker and Cooke 
(1966) Pile N London clay London Clay London, United Kingdom
SR178
Whitaker and Cooke 
(1966) Pile A London clay London Clay London, United Kingdom
SR179
Whitaker and Cooke 
(1966) Pile F London clay London Clay London, United Kingdom
SR180
Whitaker and Cooke 
(1966) Pile M London clay London Clay London, United Kingdom
SR181
Whitaker and Cooke 
(1966) Pile L London clay London Clay London, United Kingdom
SR182
Whitaker and Cooke 
(1966) Pile H London clay London Clay London, United Kingdom
SR183
Whitaker and Cooke 
(1966) Pile P London clay London Clay London, United Kingdom
SR184
Whitaker and Cooke 
(1966) Pile G London clay London Clay London, United Kingdom
SR185
Whitaker and Cooke 
(1966) Pile D London clay London Clay London, United Kingdom
SR186
Whitaker and Cooke 
(1966) Pile O London clay London Clay London, United Kingdom
SR187
Whitaker and Cooke 
(1966) Pile E London clay London Clay London, United Kingdom
SR188 O'Neill et al (1992) Shaft 5 Shale Eagle Ford Shale
Irving, Dallas, Texas, United 
States
SR189 O'Neill et al (1992) Shaft 6 Clay shale Eagle Ford Shale
Irving, Dallas, Texas, United 
States
SR190 Baycan (1996) Anchor Set 2: A1 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR191 Baycan (1996) Anchor Set 2: A2 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR192 Baycan (1996) Anchor Set 2: A3 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR193 Baycan (1996) Anchor Set 2: A4 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR194 Baycan (1996) Anchor Set 2: A5 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR195 Baycan (1996) Anchor Set 2: A6 Siltstone Scoresby Siltstone































































Drilling Method Load Test Method
compression (top loaded)
compression (top loaded)
















auger compression (top loaded)
auger compression (top loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
156
 





ID Reference Rock Socket Rock Type Rock Formation Location
SR196 Baycan (1996) Anchor Set 2: A7 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR197 Baycan (1996) Anchor Set 2: A8 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR198 Baycan (1996) Anchor Set 2: A9 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR199 Baycan (1996) Anchor Set 2: A10 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR200 Baycan (1996) Anchor Set 2: A11 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR201 Baycan (1996) Anchor Set 2: A12 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR202 Baycan (1996) Anchor Set 1: 000A Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR203 Baycan (1996) Anchor Set 1: 000B Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR204 Baycan (1996) Anchor Set 1: 100A Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR205 Baycan (1996) Anchor Set 1: 100B Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR206 Baycan (1996) Anchor Set 1: 200A Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR207 Baycan (1996) Anchor Set 1: 200B Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR208 Baycan (1996) Anchor Set 1: 200C Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR209 Baycan (1996) Anchor Set 1: 300A Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR210 Baycan (1996) Anchor Set 1: 300B Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR211 Baycan (1996) Pile test, P1 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR212 Baycan (1996) Pile test, P3 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR213 Baycan (1996) Pile test, P4 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR214 Baycan (1996) Pile test, P5 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR215 Baycan (1996) Pile test, P6 Siltstone Scoresby Siltstone



















































Drilling Method Load Test Method
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)
precussion drilling compression (bottom loaded)










three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
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SR216 Baycan (1996) Pile test, P7 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR217 Baycan (1996) Pile test, P8 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR218 Baycan (1996) Pile test, P9 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR219 Baycan (1996) Pile test, P10 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR220 Baycan (1996) Pile test, P11 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR221 Baycan (1996) Pile test, P12 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR222 Baycan (1996) Pile test, P13 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR223 Baycan (1996) Pile test, S1 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR224 Baycan (1996) Pile test, S2 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR225 Baycan (1996) Pile test, S3 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR226 Baycan (1996) Pile test, S4 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR227 Baycan (1996) Pile test, S5 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR228 Baycan (1996) Pile test, S6 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR229 Baycan (1996) Pile test, S7 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR230 Baycan (1996) Pile test, S8 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR231 Baycan (1996) Pile test, S9 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR232 Baycan (1996) Pile test, S10 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR233 Baycan (1996) Pile test, S11 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR234 Baycan (1996) Pile test, S12 Siltstone Scoresby Siltstone
Nubrik Quarry, Stud Road, 
Victoria, Melbourne, Australia
SR235 Walter et al (1997) Test Pile, top Mudstone/siltstone New Brunswick, Canada
SR235 Walter et al (1997) Test Pile, bottom Siltstone/sandstone New Brunswick, Canada
SR236 Leung (1996) Pile 1, 11.5 m Siltstone Jurong Singapore
SR236 Leung (1996) Pile 1, 14.5 m Siltstone Jurong Singapore
SR237 Leung (1996) Pile 2, 29.5 m Granite Jurong Singapore
SR238
Radhakrishnan and 




























































Drilling Method Load Test Method
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
three flight auger compression (top loaded)
reverse circulation compression (bottom loaded)
reverse circulation compression (bottom loaded)
flight auger compression (top loaded)
flight auger compression (top loaded)
flight auger compression (top loaded)
auger compression (top loaded)
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SR238
Radhakrishnan and 
Leung (1989) TP1, 6 m Siltstone Jurong Singapore
SR238
Radhakrishnan and 
Leung (1989) TP1, 8 m Siltstone Jurong Singapore
SR239
Radhakrishnan and 
Leung (1989) Pile 67, 2 to 8 m Siltstone Jurong Singapore
SR240
Radhakrishnan and 
Leung (1989) Pile 317, 7.5 m Shale Jurong Singapore
SR241 Moh et al (1993) Pile T3, sandy shale Sandy shale Tertiary Miocene Taipei, Taiwan
SR241 Moh et al (1993) Pile T3, sandy shale + ss Sandy shale+ss Tertiary Miocene Taipei, Taiwan
SR242 Moh et al (1993) Pile T4, sandy shale Sandy shale Tertiary Miocene Taipei, Taiwan
SR242 Moh et al (1993) Pile T4, sandy shale + ss Sandy shale+ss Tertiary Miocene Taipei, Taiwan
SR243 Tan et al (1994) L34, rock socket Siltstone/sandstone Keppel Distripark, Singapore
SR244 Osterberg (2001) Kentucky, rock socket Shale
Ohio River, Kentucky, United 
States
SR245 Osterberg (2001)
California Test Pile, rock 
socket Siltstone/sandstone California, United States
SR246 Gupton et al (1982) Site 1, rock socket Limestone Fort Thompson Miami, Florida, United States
SR247 Gupton et al (1982) Site 2, rock socket Limestone Anastasia
Singer Island, Palm Beach 
County, Florida, United States
SR248 Pells et al (1979) A1, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR249 Pells et al (1979) A2, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR250 Pells et al (1979) A3, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR251 Pells et al (1979) A4, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR252 Pells et al (1979) A5, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR253 Pells et al (1979) B1, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR254 Pells et al (1979) B2, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR255 Pells et al (1979) B3, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR256 Pells et al (1979) B4, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR257 Pells et al (1979) B5, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR258 Pells et al (1979) C1, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR259 Pells et al (1979) C2, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR260 Pells et al (1979) C3, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR261 Pells et al (1979) C4, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR262 Pells et al (1979) C5, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR263 Pells et al (1979) D1, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR264 Pells et al (1979) D2, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR265 Pells et al (1979) D3, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR266 Pells et al (1979) E1, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR267 Pells et al (1979) E2, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR268 Pells et al (1979) E3, rock socket Sandstone Hawkesbury Sandstone West Pymble, Sydney, Australia
SR269
Webb and Davies 
(1980) 1A, rock socket Sandstone Transvaal, South Africa
SR270
Webb and Davies 
(1980) 1B, rock socket Sandstone Transvaal, South Africa
SR271
Webb and Davies 
(1980) 1C, rock socket Sandstone Transvaal, South Africa
SR272
Webb and Davies 




















































































Drilling Method Load Test Method
auger compression (top loaded)
auger compression (top loaded)
auger compression (top loaded)








rock auger compression (top loaded)
rock auger compression (top loaded)
flight auger compression (top loaded)
rock roller compression (top loaded)
double flight auger compression (top loaded)
rock roller compression (top loaded)
rock roller compression (top loaded)
diatube compression (top loaded)
diatube compression (top loaded)
auger compression (top loaded)
diatube compression (top loaded)
diatube compression (top loaded)
compression (top loaded)
rock roller compression (top loaded)
auger compression (top loaded)
rock roller compression (top loaded)
rock roller compression (top loaded)
five flight auger compression (top loaded)
single flight auger compression (top loaded)
compression (top loaded)
compression (top loaded)
single flight auger compression (top loaded)
compression (top loaded)
cored compression (bottom loaded)
cored compression (bottom loaded)









ID Reference Rock Socket Rock Type Rock Formation Location
SR273
Webb and Davies 
(1980) 2B, rock socket Sandstone Transvaal, South Africa
SR274
Webb and Davies 
(1980) 2C, rock socket Sandstone Transvaal, South Africa
SR275
Webb and Davies 
(1980) 2D, rock socket Sandstone Transvaal, South Africa
SR276
Webb and Davies 
(1980) 2E, rock socket Sandstone Transvaal, South Africa
SR277
Webb and Davies 
(1980) 2F, rock socket Sandstone Transvaal, South Africa
SR278
Webb and Davies 
(1980) 3A, rock socket Sandstone Transvaal, South Africa
SR279
Webb and Davies 
(1980) 3B, rock socket Sandstone Transvaal, South Africa
SR280
Webb and Davies 
(1980) 3C, rock socket Sandstone Transvaal, South Africa
SR281
Chang and Wong 
(1987) M1, rock socket Siltstone Jurong Singapore
SR282
Chang and Wong 
(1987) J1, sandstone Sandstone Jurong Singapore
SR282
Chang and Wong 
(1987) J1, siltstone Siltstone Jurong Singapore
SR283
Chang and Wong 
(1987) J2, upper Shale Jurong Singapore
SR283
Chang and Wong 
(1987) J2, lower Shale Jurong Singapore
SR284
Buttling and Lam 
(1988) 403TP1, rock socket Siltstone Jurong/Kallang Singapore
SR285 Buttling (1986) TP4, rock socket Siltstone Jurong Singapore
SR286 Buttling (1986) TP5, rock socket Siltstone Jurong Singapore
SR287 Buttling (1986) TP6, rock socket Siltstone Jurong Singapore
SR288
Chang and Goh 
(1988) A1, rock socket Siltstone Jurong Singapore
SR289
Chang and Goh 
(1988) B1, rock socket Siltstone Jurong Singapore
SR290
Chang and Goh 
(1988) A3, rock socket Siltstone Jurong Singapore
SR291
Chang and Goh 
(1988) B3, rock socket Siltstone Jurong Singapore
























































Drilling Method Load Test Method
cored compression (bottom loaded)
cored compression (bottom loaded)
cored compression (bottom loaded)
cored compression (bottom loaded)
cored compression (bottom loaded)
cored compression (bottom loaded)
cored compression (bottom loaded)






















ID Reference Rock Socket Rock Type Rock Formation Location
SR292 Gordon et al (2004) TS S-2, lower Sandstone Gettysburg
Harrisburg, Pennsylvania, 
United States
SR293 Vu (2013) F1, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR293 Vu (2013) F1, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR293 Vu (2013) F1, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR293 Vu (2013) F1, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR293 Vu (2013) F1, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR293 Vu (2013) F1, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR294 Vu (2013) F2, Ocell-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR294 Vu (2013) F2, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR294 Vu (2013) F2, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR294 Vu (2013) F2, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR294 Vu (2013) F2, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR295 Vu (2013) F3, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR295 Vu (2013) F3, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR295 Vu (2013) F3, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR295 Vu (2013) F3, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR295 Vu (2013) F3, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR296 Vu (2013) F4, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR296 Vu (2013) F4, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR296 Vu (2013) F4, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR296 Vu (2013) F4, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR296 Vu (2013) F4, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR296 Vu (2013) F4, SG5-SG6 Shale Maquoketa
























































































ID Reference Rock Socket Rock Type Rock Formation Location
SR297 Vu (2013) F5, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR297 Vu (2013) F5, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR297 Vu (2013) F5, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR297 Vu (2013) F5, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR297 Vu (2013) F5, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR297 Vu (2013) F5, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR298 Vu (2013) F6, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR298 Vu (2013) F6, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR298 Vu (2013) F6, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR298 Vu (2013) F6, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR298 Vu (2013) F6, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR298 Vu (2013) F6, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR299 Vu (2013) F7, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR299 Vu (2013) F7, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR299 Vu (2013) F7, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR299 Vu (2013) F7, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR299 Vu (2013) F7, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR299 Vu (2013) F7, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR300 Vu (2013) F8, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR300 Vu (2013) F8, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR300 Vu (2013) F8, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR300 Vu (2013) F8, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR300 Vu (2013) F8, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR300 Vu (2013) F8, SG5-SG6 Shale Maquoketa



























































































ID Reference Rock Socket Rock Type Rock Formation Location
SR301 Vu (2013) F9, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR301 Vu (2013) F9, SG1-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR301 Vu (2013) F9, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR301 Vu (2013) F9, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR301 Vu (2013) F9, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR302 Vu (2013) F10, Ocell-SG1 Shale Maquoketa
Frankford, Missouri, United 
States
SR302 Vu (2013) F10, SG1-SG2 Shale Maquoketa
Frankford, Missouri, United 
States
SR302 Vu (2013) F10, SG2-SG3 Shale Maquoketa
Frankford, Missouri, United 
States
SR302 Vu (2013) F10, SG3-SG4 Shale Maquoketa
Frankford, Missouri, United 
States
SR302 Vu (2013) F10, SG4-SG5 Shale Maquoketa
Frankford, Missouri, United 
States
SR302 Vu (2013) F10, SG5-SG6 Shale Maquoketa
Frankford, Missouri, United 
States
SR303 Vu (2013) W1, Ocell-SG2 Shale Croweburg
Warrensburg, Missouri, United 
States
SR303 Vu (2013) W1, SG2-SG3 Shale Croweburg
Warrensburg, Missouri, United 
States
SR303 Vu (2013) W1, SG3-SG4 Shale Croweburg
Warrensburg, Missouri, United 
States
SR304 Vu (2013) W2, Ocell-SG2 Shale Croweburg
Warrensburg, Missouri, United 
States
SR304 Vu (2013) W2, SG2-SG3 Shale Croweburg
Warrensburg, Missouri, United 
States
SR305 Vu (2013) W3, Ocell-SG1 Shale Fleming
Warrensburg, Missouri, United 
States
SR305 Vu (2013) W3, SG1-SG2 Shale Croweburg
Warrensburg, Missouri, United 
States
SR305 Vu (2013) W3, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR305 Vu (2013) W3, SG3-SG4 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR306 Vu (2013) W4, Ocell-SG1 Shale Fleming
Warrensburg, Missouri, United 
States
SR306 Vu (2013) W4, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR306 Vu (2013) W4, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR306 Vu (2013) W4, SG3-SG4 Sandy shale Croweburg



























































































ID Reference Rock Socket Rock Type Rock Formation Location
SR307 Vu (2013) W5, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR307 Vu (2013) W5, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR307 Vu (2013) W5, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR307 Vu (2013) W5, SG3-SG4 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR308 Vu (2013) W6, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR308 Vu (2013) W6, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR308 Vu (2013) W6, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR309 Vu (2013) W7, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR309 Vu (2013) W7, SG1-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR309 Vu (2013) W7, SG3-SG4 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR310 Vu (2013) W8, Ocell-SG1 Sandy shale Fleming
Warrensburg, Missouri, United 
States
SR310 Vu (2013) W8, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR310 Vu (2013) W8, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR310 Vu (2013) W8, SG3-SG4 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR310 Vu (2013) W8, SG4-SG5 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR311 Vu (2013) W9, Ocell-SG1 Sandy shale Fleming
Warrensburg, Missouri, United 
States
SR311 Vu (2013) W9, SG1-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR311 Vu (2013) W9, SG3-SG4 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR311 Vu (2013) W9, SG4-SG5 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR312 Vu (2013) W10, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR312 Vu (2013) W10, SG1-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR312 Vu (2013) W10, SG3-SG4 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR313 Vu (2013) W11, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR313 Vu (2013) W11, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR313 Vu (2013) W11, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR313 Vu (2013) W11, SG3-SG4 Sandy shale Croweburg

































































































ID Reference Rock Socket Rock Type Rock Formation Location
SR314 Vu (2013) W12, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR314 Vu (2013) W12, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR314 Vu (2013) W12, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR314 Vu (2013) W12, SG3-SG4 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR315 Vu (2013) W13, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR315 Vu (2013) W13, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR315 Vu (2013) W13, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR316 Vu (2013) W14, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR316 Vu (2013) W14, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR316 Vu (2013) W14, SG2-SG3 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR317 Vu (2013) W15, Ocell-SG1 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR317 Vu (2013) W15, SG1-SG2 Sandy shale Croweburg
Warrensburg, Missouri, United 
States
SR317 Vu (2013) W15, SG2-SG3 Sandy shale Croweburg



























































Reference Rock Socket Rock Type Rock Formation Location
T1 LT (2001) LT8718-1 Sandstone/shale Graneros Shale Formation
US 36 over republican River, Republic 
Co., KS, United States
T2 LT (2001) LT8718-2 Shale Graneros Shale Formation
US 36 over republican River, Republic 
Co., KS, United States
T3 LT (2001) LT8733 Sandy shale Severy Shale Formation US 75 at 77th street, Topeka, KS, USA
T4 LT (2001) LT8816, Test Shaft 1 Chalky shale Fairport Chalk Member Osborne, KS, United States
T5 LT (2002) LT8854 Clay shale
I-235 Over Des Moines River, Des 
Moines, IA, United States
T6 LT (2004) LT9021 Shale Lawrence shale
US 75 over Neosho River, Coffey Co., 
KS, USA
T7 LT (2004) LT9048 Shale
Route 116 over Platte River, Dearborn, 
MO, United States
T8 LT (1998) LT8415-2 Shale
US 231 over the Ohio River - 
Owensboro, United States
T9 Aurora and Reese (1976) MT1 Clay shale Austin Formation
Montopolis test site, Austin, United 
States
T10 Aurora and Reese (1976) MT2 Clay shale Austin Formation
Montopolis test site, Austin, United 
States
T11 Aurora and Reese (1976) MT3 Clay shale Austin Formation
Montopolis test site, Austin, United 
States
T12 Aurora and Reese (1976) DT1 Clay shale Austin Formation Dallas test site, Austin, United States
T13 Abu-Hejleh et al. (2003) Franklin site test shaft Sandy claystone Denver-Arapahoe Formation Franklin test site, Denver, United States
T14 Abu-Hejleh et al. (2003) County Line site test shaft Sandy claystone Dawson Formation
County Line test site, Denver, United 
States
T15 Abu-Hejleh et al. (2003) I-225 site test shaft Sandy claystone Denver-Arapahoe Formation I-225 Site, Denver, United States
T16 Williams (1980) S2 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T17 Williams (1980) S4 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T18 Williams (1980) S6 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T19 Williams (1980) S7 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T20 Williams (1980) S9 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T21 Williams (1980) S10 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T22 Williams (1980) S11 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T23 Williams (1980) S13 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T24 Williams (1980) S19 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T25 Williams (1980) S22 Siltstone Anderson Creek Stanley Avenue, Melbourne, Australia
T26 Williams (1980) M1 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T27 Williams (1980) M2 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T28 Williams (1980) M3 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T29 Williams (1980) M4 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T30 Williams (1980) M6 Siltstone Anderson Creek
















































































































Reference Rock Socket Rock Type Rock Formation Location
T31 Williams (1980) M7 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T32 Williams (1980) M13 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T33 Williams (1980) M14 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T34 Williams (1980) M15 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T35 Williams (1980) M16 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T36 Williams (1980) M17 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T37 Williams (1980) M18 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T38 Williams (1980) M19 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T39 Williams (1980) M21 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T40 Williams (1980) WG303/2 Siltstone Dargile Westgate Freeway, Melbourne, Australia
T41 Spanovich and Garvin (1979) Test Shaft 1 Silty shale
Little Pittsburgh member of the upper 
Conemaugh Formation Alleghney County, PA, United States
T42 Spanovich and Garvin (1979) Test Shaft 5 Silty shale
Little Pittsburgh member of the upper 
Conemaugh Formation
Alleghney County, Pennsylvania, PA, 
United States
T43 Spanovich and Garvin (1979) Test Shaft 8 Silty shale
Little Pittsburgh member of the upper 
Conemaugh Formation
Alleghney County,Pennsylvania, PA, 
United States
T44 Spanovich and Garvin (1979) Test Shaft 11 Silty shale
Little Pittsburgh member of the upper 
Conemaugh Formation
Alleghney County, Pennsylvania, PA, 
United States
T45
Jubenville and Hepworth 
(1981) Shaft 4 Shale Denver
Building 7305, Fort Carson, Colorado, 
United States
T46 Wilson (1976) Central Bearing Pile Silty mudstone Uitenhage
Swartkops River at Port Elizabeth, South 
Africa
T47 Webb (1976) Pile Y Diabase Witwatersrand System
Johannesburg Academic Hospital, South 
Africa
T48 Webb (1976) Pile Z Diabase Witwatersrand System
Johannesburg Academic Hospital, South 
Africa
T49 Hummert and Cooling (1988) Test Pier Shale Pierre Shale Fort Collins, Colorado, United States
T50 Geoke and Hustad (1979) Shaft 1
Shale and 
limestone Caddo Oklahoma, United States
T51 Geoke and Hustad (1979) Shaft 2
Shale and 
limestone Kiamichi Oklahoma, United States
T52 Williams (1980) M8 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T53 Williams (1980) M9 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
T54 Williams (1980) M10 Siltstone Anderson Creek
Middleborough Road, Melbourne, 
Australia
































































































Reference Rock Socket Rock Type Rock Formation Location
T56 Horvath (1982) Test Pier 4 Mudstone Queenston Shale Burlington, Ontario, Canada
T57 Horvath (1982) Test Pier 5 Mudstone Queenston Shale Burlington, Ontario, Canada
T58 Sheikh et al. (1985) Belled Test Pier Shale Eagle Ford
Southwestern Labs, Inc., Dallas, Texas, 
United States
T59 Bump et al. (1971) Wendte site test shaft Shale Pierre Shale
Wendte Site, South Dakota, United 
States
T60 Bump et al. (1971) Okaton site test shaft Shale Pierre Shale Okaton Site, South Dakota, USA
T61 Bump et al. (1971) Wall site test shaft
Claystone and 
siltstone white River Wall Site, South Dakota, United States
T62 Bump et al. (1971) DS1 Shale Verendrye member in Pierre Shale Pierre Site, South Dakota, United States
T63 Bump et al. (1971) DS2 Shale Verendrye member in Pierre Shale Pierre Site, South Dakota, United States
T64 Bump et al. (1971) DS3 Shale Verendrye member in Pierre Shale Pierre Site, South Dakota, United States
T65 Bump et al. (1971) DS5 Shale Verendrye member in Pierre Shale Pierre Site, South Dakota, United States
T66 Reese and Hudson (1968) Montopolis site, Test #7 Tan clay Austin Formation
Montopolis test site, Austin, United 
States
T67 Engeling and Reese (1974) Test 1 Clay Bryan, Texas, United States
T68 Engeling and Reese (1974) Test 2 Clay San Juan, Puerto Rico
T69 Newman et al. (1981) Pier B Siltstone Alleghney and Pottsville Sammis Plant, Ohio, United States
T70 Camp et al. (2002) MP1 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Mt. Pleasant, 
South Carolina, United States
T71 Camp et al. (2002) MP2 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Mt. Pleasant, 
South Carolina, United States
T72 Camp et al. (2002) MP3 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Mt. Pleasant, 
South Carolina, United States
T73 Camp et al. (2002) MP4 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Mt. Pleasant, 
South Carolina, United States
T74 Camp et al. (2002) C1 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Charleston, South 
Carolina, United States
T75 Camp et al. (2002) C2 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Charleston, South 
Carolina, United States
T76 Camp et al. (2002) C3 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Charleston, South 
Carolina, United States
T77 Camp et al. (2002) C4 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Charleston, South 
Carolina, United States
T78 Camp et al. (2002) DI1 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Drum Island, 






















































































Reference Rock Socket Rock Type Rock Formation Location
T79 Camp et al. (2002) DI2 Calcareous clay Cooper Marl
US Highway 17 Replacement Bridge 
over the Cooper River, Drum Island, 
South Carolina, United States
T80 Glos and Briggs (1983) East Shaft Shaley sandstone Picture Cliffs
Four Corners Generating Station, 
Farmington, New Mexico, United States
T81 Glos and Briggs (1983) West Shaft Shaley sandstone Picture Cliffs
Four Corners Generating Station, 
Farmington, New Mexico, United States
T82 Bullock (2003) Shaft 11 Limestone
Apalachicola River, Bristol and 
Blountstown, Florida, United States
T83 Bullock (2003) Shaft 2 Limestone
Apalachicola River, Bristol and 
Blountstown, Florida, United States
T84 Bullock (2003) Shaft 5 Limestone
Apalachicola River, Bristol and 
Blountstown, Florida, United States
T85 Brown and Thompson (2008) LT8194, Test Shaft 1 Chalk Mooreville Chalk
US 45 over Town Creek, Lee County, 
Mississippi, United States
T86 Brown and Thompson (2008) LT8373, Test Shaft 1 Siltstone
SR 25 over Talking Warrior Creek, 
Oktibbeha County, Missisippi, United 
States
T87 Brown and Thompson (2008) LT8461-1, Test Shaft 1 Chalk Demopolis
US 82, Oktibbeha County, Missisippi, 
United States
T88 Brown and Thompson (2008) LT8461-2, Test Shaft 2 Siltstone Ripley
US 82, Oktibbeha County, Missisippi, 
United States
T89 Brown and Thompson (2008) LT8487, Test Shaft 1 Hard silty clay Hattiesburg
SR 42 over Thompson Creek, Perry 
County, Mississippi, United States
T90 Brown and Thompson (2008) LT8661, Test Shaft 1 Marl
Breach Inlet, Charleston, South Carolina, 
United States
T91 Brown and Thompson (2008) LT8788, Test Shaft 1 Hard clay Yazoo
I-55 at  Old Agency Road, Madison 
County, Mississippi, United States
T92 Brown and Thompson (2008) LT8912-1, Test Shaft 1 Hard silty clay Clayton
SR 9 over SR 6, Pontotoc County, 
Mississippi, United States
T93 Brown and Thompson (2008) LT8912-2, Test Shaft 2 Hard sandy silt Ripley
SR 9 over SR 6, Pontotoc County, 
Mississippi, United States
T94 Thompson (1994) Blount County
Shale and 
sandstone Blount County, AL, United States
T95 Thompson (1994) Wilsonville Shale Wilsonville, AL, United States
T96 Thompson (1994) C1 Granite Atlanta, GA, United States
T97 Thompson (1994) C2 Granite Atlanta, GA, United States
T98 Thompson (1994) Owensboro Shale Owensboro, KY, United States
T99 Thompson (1994) Leake County Hard clay Leake County, MS, United States























































































Reference Rock Socket Rock Type Rock Formation Location
T101 Thompson (1994) Mt. Pleasant, Shaft 2 Marl Cooper Mt. Pleasant, SC, United States
T102 O'Neill and Majano (1996) St. Croix River, Test Shaft Sandstone Franconia
St. Croix River, Stillwater, Minnesota, 
United States
T103 Pellegrino (1974) A300 Soft tuff Naples, Italy
T104 Pellegrino (1974) B300 Weak tuff Naples, Italy
T105 Pellegrino (1974) C300 Soft tuff Naples, Italy
T106 Pellegrino (1974) D300 Soft tuff Naples, Italy
T107 Pellegrino (1974) E300 Soft tuff Naples, Italy
T108 Pellegrino (1974) F300 Soft tuff Naples, Italy
T109 Pellegrino (1974) G300 Soft tuff Naples, Italy
T110 Pellegrino (1974) H300 Soft tuff Naples, Italy
T111 Pellegrino (1974) A500 Soft tuff Naples, Italy
T112 Pellegrino (1974) C500 Soft tuff Naples, Italy
T113 Pellegrino (1974) D500 Soft tuff Naples, Italy
T114 Pellegrino (1974) E500 Soft tuff Naples, Italy
T115 Pellegrino (1974) F500 Soft tuff Naples, Italy
T116 Pellegrino (1974) G500 Soft tuff Naples, Italy
T117 Pellegrino (1974) H500 Soft tuff Naples, Italy
T118 Vijayvergiya et al. (1969) Test 2 Clay shale
San Antonio, Bexar County, Texas, 
United States
T119 Whitaker and Cooke (1966) Pile K London clay London Fissured Clay London, United Kingdom
T120 Whitaker and Cooke (1966) Pile N London clay London Fissured Clay London, United Kingdom
T121 Whitaker and Cooke (1966) Pile A London clay London Fissured Clay London, United Kingdom
T122 Whitaker and Cooke (1966) Pile F London clay London Fissured Clay London, United Kingdom
T123 Whitaker and Cooke (1966) Pile M London clay London Fissured Clay London, United Kingdom
T124 Whitaker and Cooke (1966) Pile L London clay London Fissured Clay London, United Kingdom
T125 Whitaker and Cooke (1966) Pile H London clay London Fissured Clay London, United Kingdom
T126 Whitaker and Cooke (1966) Pile P London clay London Fissured Clay London, United Kingdom
T127 Whitaker and Cooke (1966) Pile G London clay London Fissured Clay London, United Kingdom
T128 Whitaker and Cooke (1966) Pile D London clay London Fissured Clay London, United Kingdom
T129 Whitaker and Cooke (1966) Pile O London clay London Fissured Clay London, United Kingdom
T130 Whitaker and Cooke (1966) Pile E London clay London Fissured Clay London, United Kingdom
T131 O'Neill et al. (1992) Shaft 2 Stiff sandy clay Montgomery
US Highway 290 and Sam Houston 
Tollway, Houston, Texas, United States
T132 Butler and Lord (1969) B14, Cambridge, 19 ft (5.8 m) Chalk Totternhoe Stone Cambridge, United Kingdom
T133 Butler and Lord (1969) B14, Cambridge, 38.5 ft (11.7 m) Chalk Totternhoe Stone Cambridge, United Kingdom
T134 Butler and Lord (1969) B16, Cambridge, 7 ft (2.1 m) Chalk Totternhoe Stone Cambridge, United Kingdom
T135 Butler and Lord (1969) B16, Cambridge, 12 ft (3.66 m) Chalk Totternhoe Stone Cambridge, United Kingdom

































































































































Reference Rock Socket Rock Type Rock Formation Location
T137 Butler and Lord (1969) BK5, Norwich, 18 ft (5.5 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T138 Butler and Lord (1969) BK5, Norwich, 18 ft (5.5 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T139 Butler and Lord (1969) BK5, Norwich, 30 ft (9.1 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T140 Butler and Lord (1969) BK5, Norwich, 35 ft (10.7 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T141 Butler and Lord (1969) BK5, Norwich, 40 ft (12.2 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T142 Butler and Lord (1969) BM7, Norwich, 7 ft (2.13 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T143 Butler and Lord (1969) BM7, Norwich, 12 ft (3.7 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T144 Butler and Lord (1969) BM7, Norwich, 17 ft (5.2 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T145 Butler and Lord (1969) BM7, Norwich, 22 ft (6.7 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T146 Butler and Lord (1969) BM7, Norwich, 22 ft (6.7 m) Chalk
Belemnitella Mucronata zone of 
Upper Chalk Norwich, United Kingdom
T147 Tomlinson (1965) Borehole 10 - at 6 ft (1.83 m) Chalk
Addenbroke Hospital, Cambridge, 
United Kingdom
T148 Tomlinson (1965) Borehole 10 - at 11 ft (3.4 m) Chalk
Addenbroke Hospital, Cambridge, 
United Kingdom
T149 Tomlinson (1965) Borehole 10 - at 16 ft (4.9 m) Chalk
Addenbroke Hospital, Cambridge, 
United Kingdom
T150 Tomlinson (1965) Borehole 17 - at 5 ft (1.5 m) Chalk
Addenbroke Hospital, Cambridge, 
United Kingdom
T151 Tomlinson (1965) Borehole 17 - at 10 ft (3 m) Chalk
Addenbroke Hospital, Cambridge, 
United Kingdom
T152 Tomlinson (1965) Borehole 17 - at 15 ft (4.6 m) Chalk
Addenbroke Hospital, Cambridge, 
United Kingdom
T153 Leung (1996) Pile 1 Siltstone Jurong Singapore
T154 Leung (1996) Pile 2 Granite Jurong Singapore
T155
Radhakrishnan and Leung 
(1989) TP1 Siltstone Jurong Singapore
T156
Radhakrishnan and Leung 
(1989) Pile 430 Siltstone Jurong Singapore
T157
Radhakrishnan and Leung 




















































































Reference Rock Socket Rock Type Rock Formation Location
T158
Radhakrishnan and Leung 
(1989) Pile 317 Shale Jurong Singapore
T159 Koutsoftas and Reese (1989) Pile H4 Mica shist United States
T160 Koutsoftas and Reese (1989) Pile E4 Mica shist United States
T161 Koutsoftas and Reese (1989) Pile No. 1 Granite United States
T162 Koutsoftas and Reese (1989) Pile No. 2 Granite United States
T163 Tan et al. (1994) L34 Siltstone Keppel Distripark, Singapore
T164 Osterberg (2001) Kentucky Test Shaft Shale Ohio River, Kentucky, United States
T165
Mallard and Ballantyne 
(1976) Bored Pile Chalk
Upper Chalk of the Micraster 
Coranguinum
Littlebrook D Power Station, River 
Thames, Dartford, United Kingdom
T166 Vu (2013) F1 Shale Maquoketa Frankford, Missouri, United States
T167 Vu (2013) F2 Shale Maquoketa Frankford, Missouri, United States
T168 Vu (2013) F3 Shale Maquoketa Frankford, Missouri, United States
T169 Vu (2013) F4 Shale Maquoketa Frankford, Missouri, United States
T170 Vu (2013) F5 Shale Maquoketa Frankford, Missouri, United States
T171 Vu (2013) F6 Shale Maquoketa Frankford, Missouri, United States
T172 Vu (2013) F7 Shale Maquoketa Frankford, Missouri, United States
T173 Vu (2013) F8 Shale Maquoketa Frankford, Missouri, United States
T174 Vu (2013) F9 Shale Maquoketa Frankford, Missouri, United States
T175 Vu (2013) F10 Shale Maquoketa Frankford, Missouri, United States
T176 Vu (2013) W1 Shale Croweburg Warrensburg, Missouri, United States
T177 Vu (2013) W2 Shale Croweburg Warrensburg, Missouri, United States
T178 Vu (2013) W3 Shale Croweburg Warrensburg, Missouri, United States
T179 Vu (2013) W4 Shale Croweburg Warrensburg, Missouri, United States
T180 Vu (2013) W5 Shale Croweburg Warrensburg, Missouri, United States
T181 Vu (2013) W6 Shale Croweburg Warrensburg, Missouri, United States
T182 Vu (2013) W7 Shale Croweburg Warrensburg, Missouri, United States
T183 Vu (2013) W8 Shale Croweburg Warrensburg, Missouri, United States
T184 Vu (2013) W9 Shale Croweburg Warrensburg, Missouri, United States
T185 Vu (2013) W10 Shale Croweburg Warrensburg, Missouri, United States
T186 Vu (2013) W11 Shale Croweburg Warrensburg, Missouri, United States
T187 Vu (2013) W12 Shale Croweburg Warrensburg, Missouri, United States
T188 Vu (2013) W13 Shale Croweburg Warrensburg, Missouri, United States
T189 Vu (2013) W14 Shale Croweburg Warrensburg, Missouri, United States
















































































































Figure 3.1a Summary of the side resistance database (all data from the published literature. 








Figure 3.1b Summary of the tip resistance database (all data from the published 








Figure 3.2 Predictive model for modulus of deformation of rock mass based on the 
unconfined compressive strength of intact rock (all data from published literature, 
see Appendix A for tip resistance data, Appendix B for side resistance data and 








Figure 3.3 Predictive model for prediction of the geological strength index (all data from 






Figure 3.4 Predictive model for rock mass friction angle, φ'm (figure reproduced from Hoek 





Figure 3.5 Predictive model for rock mass cohesion intercept, c'm (figure reproduced from 









Figure 3.6 Poisson’s ratio of rock collected from the published literature (data from Chern et 









Figure 3.7 Hypothetical t-z relationship that shows the different components of a shear 








Figure 3.8 Method of Hirany (1988) and Terzaghi (1943) for interpretation of the t-z or q-z 
relationships where a distinct failure is not achieved. Note that z1 is equivalent to 
zy and z2 is equivalent to zf for q-z relationships. Likewise, q1 is equivalent to qy 












Figure 3.9 Procedure for development of transformed t-z relationships (after Kondner, 1963; 







Figure 3.10 Comparison of initial shear stiffness from t-z relationships calculated based on the 
initial tangent to the initial portion of t-z relationship and that calculated from 
transformed t-z relationships following the method of Kondner (1963) and Mesri 









Figure 3.11 Predictive method for prediction of rock/concrete interface roughness for drilled 
shafts in soft rock (data from published literature, see Chapter 7 for detailed 







Figure 3.12 Conventional (i.e., load applied at the ground surface) load testing of drilled 
shafts. Compressive or tensile load is applied at the top of drilled shaft. Load cell 
is used at the base of drilled shaft. 
  














Figure 3.13 Conventional (i.e., load applied at the ground surface) load testing of drilled 
shafts. Compressive or tensile load is applied at the top of drilled shaft. Strain 
gauges are used along the side of drilled shaft. 
  
Top of soft rock
Ground surface
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Figure 3.14 Conventional (i.e., load applied at the ground surface) load testing of drilled 
shafts. Compressive or tensile load is applied at the top of drilled shaft. Void or 
compressible base is used at the base of drilled shaft to eliminate tip resistance. 
  















Figure 3.15 Osterberg (O-Cell) load test method for measurement of side and tip resistance of 
drilled shaft foundations. 
  











Figure 3.16 Plug or anchor load tests for measurement of side resistance of drilled shafts. 
  














Figure 3.17 Plate load tests for measurement of tip resistance by application of loads at the 
base of drilled holes. 
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LABORATORY DIRECT SHEAR TESTS ON ROCK JOINTS AND 
ROCK/CONCRETE INTERFACES - APPLICATIONS TO SIDE 
RESISTANCE OF DRILLED SHAFTS IN SOFT ROCK 
 
4.1 Introduction 
The shear strength and deformational properties of rock joints have been studied 
extensively by previous workers (e.g., Lee et al., 1948; Handin and Hager, 1958; Jaeger, 1959; 
Griggs et al., 1960; Orowan, 1960; Horn and Deere, 1962; Lane and Heck, 1964; Skempton, 
1964; Maurer, 1965; Brace and Byerlee, 1966; Patton, 1966; Mogi, 1966; Skempton, 1966; 
Byerlee, 1967a; Byerlee, 1967b; Krsmanovic, 1967; Byerlee, 1968; Locher, 1968; Goodman et 
al., 1968; Byerlee and Brace, 1968; Coulson, 1970; Barton, 1971; Jaeger, 1971; Barton, 1976; 
Rosso, 1976; Byerlee, 1978; Krahn and Morgenstern, 1979; Barton and Bandis, 1980; Bandis, 
1980; Dight and Chiu, 1981; Pease and Kulhawy, 1984; Yoshinaka and Yamabe, 1986; Barton, 
2013). Additionally, laboratory constant normal stiffness (CNS) direct shear tests have been used 
to study the shear strength and the deformational properties of rock/concrete interfaces (e.g., 
Lam, 1983; Haberfield, 1987; Johston and Lam, 1989; Kodikara, 1989; Seidel, 1993; 
Collingwood, 2000). 
The research cited above has led to development of test data on the behavior of rock 
joints and rock/concrete interfaces. The data obtained from these tests have been used for the 
development of empirical and semi-empirical models for prediction of the shear strength and 
deformational properties of rock/concrete interfaces and rock joints. Analysis shows that some 
similarities exist between the behavior of rock/concrete interfaces in the laboratory and in actual 
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rock socketed drilled shafts. Therefore, discussion of their behavior is relevant to the work 
presented in this report. The main objective of this chapter is to compile a database of direct 
shear tests on rock joints and rock/concrete interfaces and to use these data to evaluate the 
applicability of laboratory direct shear test results to the side resistance of drilled shafts in soft 
rock. 
 
4.2 Limitations of Laboratory Studies 
The results of laboratory direct shear tests have been used to study the development of 
side resistance in drilled shafts in rocks (e.g., Lam, 1983; Haberfield, 1987; Johston and Lam, 
1989; Kodikara, 1989; Seidel, 1993; Collingwood, 2000). While the results of these tests have 
contributed to the understanding of the side resistance of drilled shafts, the limitations of these 
test methods must also be recognized. Some of these limitations are summarized below: 
 
1. In simulation of the side resistance of drilled shafts using laboratory direct shear tests, it 
is often assumed that the shear surface develops at the rock and concrete interface. In situ 
observations for drilled shaft load tests in weathered siltstone (e.g., Williams, 1980) and 
in clayshales (e.g., Hassan et al., 1997), however, indicate that the shear surface does not 
entirely form at the rock/concrete interface, especially when drilling produces relatively 
rough socket walls. 
2. The shear surface on the perimeter of drilled shafts in soft rock is treated as a confined 
joint in the technical literature (e.g., Williams, 1980) and its shear strength depends on 
the final normal stress at failure. Direct shear tests have occasionally been used in the 
technical literature to replicate the conditions at the interface of the drilled shaft and the 
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surrounding rock mass (e.g., Seidel, 1993; Gu, 2001 when normal stiffness was set to 
zero). In a constant normal stress direct shear test, the normal stresses on the shear 
surface will remain constant. However, this is not the case in a rock socket. In a rock 
socket, owing to the random roughness pattern of the shear surface, the shear surface will 
dilate (or contract) against the normal stiffness (Kn) of the surrounding soft rock as shown 
in Figure 4.1 (figure reproduced from Johnston and Lam, 1989). The normal stress on the 
shear surface will change as the interface dilates (or contracts). To replicate this boundary 
condition, a number of researchers at the Monash University in Australia have modified 
the conventional direct shear device to allow for the shear surface to freely displace 
normal to the general direction of shear and the stiffness of the rock mass is modeled 
used a linear spring. This device is called a “Constant Normal Stiffness” or a CNS direct 
shear machine (Figure 4.2). Therefore, the tests performed on rock/concrete interfaces 
using constant normal stress direct shear devices are not fully representative of the 
boundary conditions that characterize the behavior of shear surfaces in the sides of rock 
sockets in soft rocks. 
3. While the results of laboratory investigations on the shear strength and deformability of 
rock joints may be used for a better conceptual understanding of the side resistance of 
drilled shafts in soft rock, the test data should not be used for the calibration of design 
equations because the material that are commonly used in these studies (e.g., Johnstone 
that is a synthetic rock) are not representative of the properties of the actual soft rock. 
4. The shear strength and the deformational properties of the shear planes on the perimeter 
of drilled shafts in rocks are influenced by the presence of discontinuities (e.g., joints and 
fissures). For example, Bandis (1980) showed that the initial shear stiffness of the rock 
201
 
joints (Ksi) is approximately 1.5 to 4 times larger than the corresponding values observed 
in the field. The “softening” effect of the rock discontinuities cannot be fully reproduced 
in the laboratory. 
5. The roughness patterns that are commonly produced in a rock socket are not fully 
represented using even the most sophisticated methods (e.g., Seidel, 1993) that are used 
for reproducing the interface roughness. The roughness of the rock/concrete interface 
affects the location of the shear plane (Hassan et al., 1997). 
6. The rate of shearing (e.g., 5×10-4 mm/min by Mesri and Cepeda-Diaz, 1986 to 0.5 
mm/min used by Seidel, 1993) in most of the laboratory direct shear tests is chosen to 
produce drained shearing conditions and to prevent accumulation of the excess pore 
water pressure on the shear plane at the instant of mobilization of the peak shear stress. 
The drainage condition on the perimeter of an actual rock socket is not well understood. 
However, for most of the drilled shaft load tests available, it is expected that shearing on 
interface takes place in a partially drained condition because of the rapid application of 
loads and high plasticity of the sedimentary rocks. The shearing is partially drained 
because the presence of the fissures allows for some of the excess pore water pressure to 
dissipate before peak shear stress is reached. 
 
4.3 Review of Current Models 
The previous workers have used the results of laboratory constant normal-stress and -
stiffness direct shear tests to explain the mobilization of the shear stresses on shear surfaces that 
are mobilized on the perimeter of drilled shafts in soft rocks. The resulting theories have been 
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used to develop predictive models for the side resistance of drilled shaft in soft rocks. These 
methods are reviewed in the next sections. 
 
4.3.1 Shear strength and deformability models based on constant normal stress direct shear 
tests 
Several methods have been proposed in the rock mechanics literature for estimating the 
shear strength and deformational properties of rock joints. These include Mohr-Coulomb, Patton, 
Bandis and Barton theories. These proposed methods commonly relate the observed shear 
strength or deformability of a given rock joint to the properties of the rock joint and the 
corresponding boundary conditions (e.g., normal stress, joint roughness, joint compressive 
strength, joint mineralogy and basic friction angle of the rock material and the joint profile 
length). These theories are briefly discussed in the subsequent sections. 
 
4.3.1.1 Mohr-Coulomb model 
The Mohr-Coulomb (M-C) model is one of the most widely used methods for explaining 
the behavior of rock joints in the rock mechanics literature. According to the Mohr-Coulomb 
theory that is shown in Figure 4.3, shear strength envelop for the rock joint or any other similar 
joint (e.g., rock/concrete joints in a rock socket in soft rock) could be described using Equation 
4-1 
 




where τ represents the best estimate of the shear strength of the rock joint, σ'n is the normal stress 
on the shear surface and c' is the intercept of the failure envelop with the shear strength axis. The 
following should be noted in relation to the Mohr-Coulomb (M-C) model: 
 
1. The model does not account for the non-linearity of the observed shear stress-normal 
stress data. In other words, the proposed failure envelope is linear and is independent of 
the normal stress level. 
2. The M-C model does not account for the roughness of the interface. 
3. The M-C model does not provide any guidance for the prediction of the normal stress at 
failure. It assumes that the initial and final normal stresses are equal. 
4. It is shown in the subsequent chapters of this report that the initial and final normal 
stresses on the shear planes on the perimeter of drilled shafts in soft rocks are not equal. 
Therefore, if the Mohr-Coulomb (M-C) model is to be used for the prediction of the side 
resistance of rock sockets, the final normal stress must be first estimated. A framework 
for prediction of the change in the normal stresses on the aforementioned shear plane is 
proposed in Chapter 11. 
 
4.3.1.2 Patton (1966) model 
Patton (1966) theory that is shown in Figure 4.3b is based on the Mohr-Coulomb theory 
except it accounts for the effect of roughness of the shear surface and the change in the curvature 
of the failure envelop with normal stress and subsequent wear of interface. The model proposed 




τ = σ 'n× tan(φ 'r+ i)           (4-2) 
 
for small normal stresses (σ'n), and 
 
τ = σ 'n× tanφ 'r+ c '           (4-3) 
 
for the large normal stresses. φ'r is the residual or basic (Barton, 1976) friction angle (also 
referred to as the angle of interparticle sliding friction after Barton, 1976; Terzaghi et al., 1996) 
of rock that is a function of rock mineralogy and normal stress (Mesri and Cepeda-Diaz, 1986; 
Terzaghi et al., 1996; Mesri and Shahien, 2003). The typical range of the basic friction angle for 
different rocks and minerals are summarized by Coulson (1970), Barton (1976) and Terzaghi et 
al. (1996). Equation 4-2 indicates that the shear strength of the rough interface results from the 
frictional properties of the rock minerals as well as the dilation of the interface due to the 
presence of surface irregularities. The increase in shear strength due to dilation and geometrical 
interference (Terzaghi et al., 1996) was also noticed for granular materials where it was proposed 
that a substantial portion of the friction angle (up to 30 degrees or more at low confining 
pressures, Terzaghi et al., 1996) is associated with “particles pushing each other away or 
particles climbing on top of one another as granular mass is being sheared” (Newland and Allely, 
1957; Terzaghi et al., 1996). The same effect was noted in relation to the sliding friction angle of 
rough rock surfaces by Ripley and Lee (1981) where an increase in the sliding friction angle due 
to dilation of the rough interface was observed. The following should be noted in relation to the 




1. Patton’s proposed failure envelope for the rock joints is bi-linear. Patton, in his proposed 
method, pays attention to the effect of the normal stress on the behavior of rock joints. 
This important factor is also emphasized in the soil mechanics literature (Terzaghi et al., 
1996) but cannot be accounted for by the Mohr-Coulomb theory. According to Patton 
(1966) model, there is a threshold normal stress at which the shearing mechanism 
changes from sliding over the joint asperities to shearing through the base of the 
asperities and is mostly seen for very rough surfaces (Bandis, 1980) at high normal 
stresses (it must be noted that the same behavior was postulated for drilled shafts in soft 
rocks by Hassan et al., 1997). This normal stress is indicated by the abrupt change in the 
curvature of the proposed failure envelop of Patton (1966) model. Other investigators 
(Jaeger, 1959; Mogi, 1964; Byerlee, 1968; Bandis, 1980; Pease and Kulhawy, 1984; 
Khan and Amadei, 1993) have also suggested similar behaviors for rock joints. The 
normal stress that causes this change in sliding mechanism is known as the brittle-to-
ductile transition normal pressure. Bandis (1980) suggested in the absence of measured 
data, this normal stress can be set equal to the unconfined compressive strength (qu) of 
intact rock specimen extracted from the joint wall. Bandis (1980) and Parry (2004), 
however, suggested that natural rock joints do not exhibit such an abrupt transition in 
their failure envelopes. Bandis (1980) provides data that shows that this transition is 
much more gradual than that suggested by Patton (1966) theory. Pease and Kulhawy 
(1984) performed model pullout tests in laboratory to study the behavior of rock sockets 
in tension and data presented in their work for the failure envelop of the synthetic 
rock/drilled shaft concrete interface shear strength is in agreement with Bandis (1980) 
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proposal that the transition in shearing mechanism in real rock joints or rock/concrete 
interfaces is not abrupt as suggested by Patton (1966) but is rather gradual. 
2. Patton (1966) theory accounts for the effect of joint roughness on the behavior of rock 
joints by including the dilation angle (i). The dilation angle is a measure of the vertical 
movement of rock joint as the shear displacement takes place on the rock joint or any 
similar plane of discontinuity. 
3. Patton (1966) accounts for the wear of the joint roughness with continued shear 
displacement on the joint interface that mainly results from the increase in the normal 
stresses. This is indicated by the change in the slope of the failure envelope form φ'r+i 
to  φ'r in the above equations. Therefore, Patton indirectly accounts for the effect of 
normal stress on the mechanism of sliding. 
 
4.3.1.3 Ladanyi and Archambault (1969) model 
The model of Ladanyi and Archambault (1969) follows the energy approach that is 




σ × (1−αs )× (ν
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1− (1−αs )× ν
•
× tanφf
    (4-4) 
 
where αs is the shear area ratio, ν is the dilation rate and Ω represents the degree of interlocking 



























           (4-7) 
 
n and m are used to account for non-linearity of the shear strength envelope. Following Ladanyi 








m = (n +1)1/2            (4-9) 
 
In the above equations proposed by Ladanyi and Archambault (1969), σ denotes the 
normal stress on the rock joint (effective), φµ is the internal angle of friction for the rock material, 
Co is the compressive strength of intact rock, To is the tensile strength of intact rock, φf is a 
statistical average value of the friction angle when sliding occurs along the irregularities of 
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different orientation, σT is the transition pressure that denotes the change in mode of failure from 
asperity sliding to shearing through asperities, k1 = 1.5 and k2 = 4, i is the angle of inclination of 
the asperities with respect to the general sliding surface, Δx is the horizontal shear displacement 
and ΔL is the length of an individual asperity. The model of Ladanyi and Archambault (1969) is 
based on the laboratory conventional direct shear tests. The following should be noted when this 
model is used: 
 
1. The model assumes that the shear strength of the rock joints is purely frictional. 
Therefore, the effect of initial sliding and the subsequent shearing through the rock 
asperities (i.e., wear) on the available shear strength is accounted for. 
2. The model has been developed for the case where the asperities have an irregular pattern. 
3. The model assumes that rock asperities are rigid. 
4. The model accounts for the non-linearity of the shear strength envelope. 
 
4.3.1.4 Barton (1973) model 
Barton (1973) model that is shown in Figure 4.3c is a refinement of the Patton’s theory. 
According to Barton (1973), the variation of the shear strength of the rock joints with rock 
properties, rock joint roughness characteristics and normal stress may be described using the 
following expression 
 




















where τ is the shear strength of the rock joint, σ'n is the normal stress on the shear surface at 
failure, JRC is the joint roughness coefficient that describes the roughness of the rock joints, JCS 
is the joint wall compressive strength and φ'r is the residual friction angle of the rock material.  
When the model proposed by Barton (1973) is used to estimate the shear strength of the rock 
joints (or other equivalent planes of discontinuity), the following should be noted: 
 
1. Barton (1973) recognizes the importance of the rock joint roughness and the need for a 
joint roughness classification system. Barton addresses this limitation of the previous 
models by development of the joint roughness coefficient (JRC) in his rock joint shear 
strength model. 
2. The compressive strength of the rock joint walls controls the normal stress at which rock 
asperities begin to crush as the two sides of the rock joint continue to translate with 
respect to one another. Crushing of the asperities is believed to control the dilation of the 
rock joint. Therefore, the compressive strength of the interface is an important factor and 
as a result, the compressive strength of the joints is added in the Barton’s theory that is 
represented by the joint compressive strength (JCS). Barton suggests that when the 
compressive strength of the joint cannot be measured directly, it can be estimated using 
the rock’s unconfined compressive strength (qu). The joint compressive strength is an 
important design consideration that has been overlooked in other rock joint shear strength 
theories that have been discussed thus far. 
3. The curvature of the shear strength envelope changes with the magnitude of the normal 
stress on the shear surface. This important effect is incorporated in the Barton’s rock joint 
shear strength model by introducing the term JCS/σn. This term represents the transition 
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in the mode of sliding mechanism and the subsequent change in the location of shear 
surface (i.e., transition from sliding over the asperities to shearing through asperities). 
 
4.3.1.5 Bandis (1980) model 
Bandis (1980) studied the effects of scale and length of the shear profile on the mobilized 
values of the shear strength of rock joints and proposed correction terms for JCS and JRC that 
were initially introduced by Barton (1973) (see Equation 4-10 for the model of Barton, 1973). 
According to Bandis (1980), as the length of the joint increases, the displacement required to 
reach the peak shear stress will increase and the peak shear stress will decrease. Bandis (1980) 
attributed this behavior to scale-dependency of the rock joint surface roughness and compressive 
strength. Bandis (1980) proposed that length of the shear surface must be considered in design 
when shear strength of the profile is estimated. Accordingly, the following correction terms were 
proposed (based on equations presented in Barton and Bandis, 1990) 
 
























         (4-12) 
 
where L is the length of the joint, the subscript n represents the in situ scale and subscript o 
represents the laboratory scale. Bandis (1980) was also interested in the deformational properties 
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of rock joints and proposed that the incremental joint shear stiffness (i.e., the slope of the a 
tangent line to the shear stress-shear displacement curve at any given value of pre-peak 
displacement) may be obtained by differentiating the function that represents the pre-peak part of 
the shear stress-shear displacement relationship for a given joint. Bandis (1980), following the 
work of past investigators (Clough and Duncan, 1969; Hungr and Coates, 1978; Bandis, 1980; 
Yoshinaka and Yamabe; 1986) confirmed that the pre-peak range in shear stress-shear 
displacement relationship may be represented via a hyperbolic function and thus following the 
work of Duncan and Chang (1970), proposed the following expression for the incremental shear 
stiffness, realizing that the shear stiffness must be a function of the shear stress level 
 










         (4-13) 
 
where kst is the incremental joint shear stiffness, Ksi is the initial joint shear stiffness, fs is the 
shear stress at any given value of shear displacement in the pre-peak range, Rf is failure ratio 
(similar to fitting ratio as explained by Mesri et al., 1981) and fsp is the peak shear stress. Barton 
and Bandis (1990) proposed a more practical equation that may be used to obtain a conservative 
estimate of the joint shear stiffness. Their proposed method gives the slope of a secant line that 
connects the origin to the peak shear stress. Barton and Bandis (1990) method is shown below 
 
Ks =
σn tan JRC× log JCS /σn( )+ φr⎡⎣ ⎤⎦
L
500
JRC / L( )0.33




4.3.1.6 Yoshinaka and Yamabe (1986) model 
Yoshinaka and Yamabe (1986) showed that the initial shear stiffness (Ksi) is affected by 
normal stress on the rock joint, roughness properties of the joint (assuming that the shear plane is 
at the rock/concrete interface) and the length of shear profile. Accordingly, they proposed the 
following expression for prediction of the initial shear stiffness, Ksi 
 








          (4-15) 
 
where Ksi is the initial shear stiffness, α and β are the material constants, Pa is the atmospheric 
pressure and σ'n is the effective normal stress on the joint profile. The parameter α is related to 
the joint length (Yoshinaka and Yamabe, 1986). 
 
4.3.1.7 Hoek (1983) model 
Hoek (1983) proposed that the closed form solutions developed by Dr. Bray of the 
Imperial College may be used to provide “reasonably accurate predictions of the shear strength 
of rough discontinuities in rock under a wide range of effective normal stress conditions.” These 
solutions are of interest in the design for side resistance of drilled shafts in soft rock masses. The 
solution for shear strength of joints according to Hoek (1983) is shown below 
 
τ = (cotφ 'i− cosφ 'i )×
m × qu
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16× (m × σ 'n+ s× qu )
3×m2 × qu
        (4-18) 
 
where τ is the shear strength of the rock joint, φ'i is the friction angle of the rock interface at the 
time of mobilization of τ, s and m are the material constants that depend on the mineralogy and 
weathering condition of rock mass and qu is the unconfined compressive strength of the intact 
rock blocks in a jointed rock mass. This model is developed for rock joints where the normal 
stress on the discontinuity surfaces remains (or is assumed to be) a constant during the shearing 
process. In a confined soft rock/concrete interface, however, the normal stresses acting on the 
interface will constantly change as the interface walls slip with respect to one another and as the 
interface dilates against the normal stiffness of the surrounding soft rock mass. Therefore, initial 
and final normal stresses are different. This introduces a very important limitation of the above 
equations for estimating the shear strength of rock socket walls in rock socketed drilled shafts 
because the normal stress at the time of mobilization of the shear strength of these shear planes is 




4.3.1.8 Synthesis of models 
The methods for evaluation of the shear strength and deformational properties of rock 
joints are summarized in the previous sections. A synthesis of the concepts developed by the 
previous workers is given below: 
 
1. The compressive strength of the joint walls affects its behavior. This is because the rock 
compressive strength determines the onset of the asperity crushing and change in the 
mode of sliding mechanism from sliding on the asperity surfaces to shearing through 
asperities. 
2. All theories, with the exception of the Mohr-Coulomb method, suggest that the shearing 
mode is affected by the magnitude of the normal stress on shear plane as indicated by the 
change in the curvature of failure envelopes with the normal stress. 
3. It is generally agreed that the shear strength and deformational properties of rock joints is 
affected by the roughness of the interface and joint surface irregularities. This is, 
however, true only if the shear plane is at the rock/rock interface and the normal stress is 
low. 
4. Limited data in the literature suggests that the shear strength of joints in the rock mass is 
affected by the length of the joint. Additional data is required to confirm this proposal. 
5. The available data in the literature suggest that the shear stiffness of the joints is affected 
by the normal stress on the joint, compressive strength of the joint, roughness of the joint 
profile and the length of the joint profile. 
6. Rosso (1976) suggested that because the “displacements in the pre-peak range are small, 
the calculated values of the shear stiffness are potentially affected by the experimental 
215
 
method and thus measurement errors may become very consequential in this case.” This 
may contribute to the scatter of the test data and the accuracy of the resulting models that 
are developed based on such data. 
7. Rosso (1976) and Bandis (1980) suggested that “no matter how sophisticated the 
laboratory experimental method is, the measured values of shear stiffness and 
deformability from laboratory methods are usually 1.5 to 4.0 times larger than the 
corresponding field values (based on data reported in Rosso, 1976).” This is because the 
in the field, a larger volume of rock mass is influenced by the loading of joint interface 
(in this case, the rock/concrete interface in a drilled shaft) and thus a larger number of 
joints are included in the loaded volume. This leads to lower rock joint stiffness. 
 
4.3.2 Shear strength and deformability models based on CNS* direct shear tests 
The results of drained constant normal stiffness (CNS) direct shear tests have been used 
to develop theories for prediction of rock/concrete interface shear strength and deformational 
properties (e.g., Lam, 1983; Haberfield, 1987; Johston and Lam, 1989; Kodikara, 1989; Seidel, 
1993; Collingwood, 2000). These theories, however, are based on simplified roughness profiles 
(i.e., regular triangular, irregular triangular and fractal profiles) that do not fully represent the 
real roughness pattern of rock sockets. Additionally, the shear surface is forced to develop at the 
rock/concrete interface in the CNS direct shear test while in situ observations (e.g., Williams, 
1980; Hassan et al., 1997) indicate that the shear surface is at a distance away from the 
rock/concrete interface. These theoretical models attempt to provide a more realistic account of 
the joint shear strength and deformability by more realistically modeling of the joint roughness 
                                                
* Constant normal stiffness 
216
 
characteristics and by allowing joint walls to “freely” displace perpendicular to the direction of 
shear displacement and against a predetermined normal stiffness that models the rock mass 
stiffness and rock socket diameter. The main limitation of these models is that they have been 
developed based on interface tests where shear surface was commonly forced to form at the 
rock/concrete interface. Williams (1980), Hassan (1994) and Hassan et al. (1997) indicated, 
based on field observations and numerical modeling, that the shear surface in rock socket walls is 
commonly located inside the rock mass and not at the rock/shaft interface, as mentioned 
previously. 
 
4.3.2.1 Johnston and Lam (1989) model 
Johnston and Lam (1989) developed their theoretical model based on the CNS direct 
shear tests on regular triangular models (Figure 4.2). The bottom half of their specimen that is 
made of Johnstone synthetic rock can move in the horizontal direction only and the top concrete 
half can only move in the vertical direction. Based on their CNS direct shear test results, they 
proposed the following expression for predicting the shear stress that is required to initiate the 
sliding mechanism. This is illustrated in Figure 4.4b and the expression proposed by Johnston 
and Lam (1989) is shown below 
 
τsl
p = σ 'no× tan(i + φsl
p ) +
csl










  (4-19) 
 
where σ'no is the initial normal stress, cpsl and φpsl are the cohesion intercept and friction angle of 
the rock material, respectively, and i is the inclination angle of the regular triangular asperities. 
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Johnston and Lam (1989) also proposed a relationship for determination of the shear stress that is 
required to initiate the shear mechanism where sliding takes place by shearing through the 
asperities that is shown in Figure 4.4c. The normal stress operating on the rock joint at this stage 
is large enough that sliding of the joint walls is possible by shearing through the asperities as 
opposed to sliding over asperities. This transitional behavior takes place at the brittle-ductile 
transition normal stress (Byerlee, 1968). The mobilized shear stress may be estimated as follows 
(after Johnston and Lam, 1989) 
 
τsh
p = (σ 'no+ Δσn )× tan(θ + φsh
p ) +
c 'shtan ip
cos2 θ × (tan i − tanθ)× (1− tanθ × tanφsh
p )
  (4-20) 
 
where θ is the angle of the shear surface through the asperities as shown in Figure 4.4c, Δσn is 




           (4-21) 
 
where Δx is the relative horizontal displacement of the joint walls and l is the asperity chord 
length. The following should be noted for the method of Johnston and Lam (1989): 
 
1. This method is semi-theoretical and may have limited applications in design of drilled 
shafts due to the difficulty of obtaining the inputs to the equations that are proposed by 
Johnston and Lam. 
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2. Lam and Johnston (1989) do not provide recommendations for prediction of the input 
parameters to their predictive models. The accuracy of the predicted values using this 
method is not any better than the accuracy of the input parameters to these methods. 
3. The method of Johnston and Lam is based on a limit equilibrium approach and thus the 
assumed failure mechanism directly controls the form of the resulting equations proposed 
by Johnston and Lam. The proposed sliding mechanisms (Figure 4.4), however, have not 
been verified for the drilled shafts in soft rock and thus the validity of this model needs to 
be verified by comparing the predicted and measured values of side resistance in in situ 
drilled shaft load tests. 
4. The method was developed based on CNS direct shear tests on rock/concrete interfaces 
with regular triangular asperities. This roughness pattern is not the best representation of 
the real roughness pattern that is observed in the rock sockets. 
5. The elastic nature of the asperities affects the development of the normal and shear stress 
at the rock/concrete interface (Haberfield, 1987; Kodikara, 1989; Seidel, 1993). Johnston 
and Lam model does not account for the elasticity of the roughness profile. 
 
4.3.2.2 Seidel (1993) model 
Seidel (1993) developed a shear strength model for purely frictional rock/concrete 
interfaces. The energy approach (after Rowe et al., 1964 and Ladanyi and Archambault, 1969) 
was used by Seidel (1993). According to Ladanyi and Archambault (1969), the total shear stress 
is the sum of the shear stress that is required to cause initial sliding on the asperities and the 
shear stress which is required to cause subsequent shearing of the asperities. The model proposed 
by Seidel (1993) also accounts for the elastic nature of the rock interface. The proposed model of 
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Seidel for predicting the shearing stress required to initiate sliding for an elastic joint with n 




a j × σn, j × tan(φu + ij )
j=1
n
∑         (4-22) 
 
where A is the total joint contact area, n is the number of individual asperities, ij is the slope of  
each asperity, aj is the area of each asperity and σnj is the local contact stress at each asperity 
face. Seidel (1993) also proposed a model for predicting the shear displacement and shear stress 
at the onset of mobilization of the peak shear stress. The shear displacement at failure can be 
estimated using Equation 4-23 
 
xf =
λ × (σcα − 2 × ςα × σno )
2 × λ × ςα × k × tanα + σcα
        (4-23) 
 
where λ is the half-length of each asperity, σcα is the critical normal stress, ζα is the shape factor, 
σno is the initial global normal stress, k is the global stiffness of the profile and α is the slope 
inclination of each asperity. The shear stress at failure at the concrete/rock interface is given by 
the following expression: 
 
τf = (σno + k × xf × tanα)× tan(φsl +α)        (4-24) 
 





1. The model for shear displacement and shear stress at failure assumes a rock/concrete 
interface with rigid asperities. 
2. Some of the input parameters to Seidel’s equations may not be readily estimated. For 
example, in a typical rock socket, unless the roughness of the interface is measured, the 
values of α and λ are unknown. 
3. In a real rock profile, the variables α and λ are not constant and have a random nature. 
4. The method of Seidel is based on limit equilibrium approach and thus largely depends on 
the assumption concerning the nature of the failure surface. The assumptions regarding 
the sliding mechanism used in this method have not been observed nor have been verified 
for actual rock sockets in soft rock. 
 
4.3.2.3 Synthesis of models 
The models that have been developed based on laboratory CNS direct shear tests on 
concrete/rock interfaces are studied in the preceding sections. The following should be noted in 
relation to these models: 
 
1. Models discussed above account for i) properties of rock, and ii) rock/concrete interface 
characteristics and the boundary conditions (i.e., the roughness of the interface, normal 
stress operating on the interface, frictional properties of rock, compressive strength of the 




2. The model of Seidel (1993) was developed based on tests on more realistic interface 
roughness profiles (i.e., fractal profile) and interface boundary conditions (i.e., constant 
normal stiffness and allowance for free dilation against surrounding rock mass). 
3. The variables in models developed based on CNS direct shear tests are rarely measured in 
a typical program of sub-subsurface characterization for construction of drilled shafts in 
soft rock. These variables, therefore, have to be predicted. The prediction of these 
variables is not a trivial task and the available predictive methods for soft rock strength 
and deformational properties (e.g., Stroud, 1974; Hoek and Brown, 1997; Abu-Hejleh et 
al., 2003; Hoek and Diederichs, 2006; Stark et al., 2013; methods proposed in Chapter 5) 
and the predictive models for estimating interface roughness characteristics (Coulson, 
1970; Seidel and Collingwood, 2001; methods proposed in Chapter 7 of this thesis) may 
provide biased estimates of these inputs. Hence, the limitations in the ability of existing 
methods to accurately predict the soft rock mechanical properties introduce a very 
important issue because “the design and prediction of engineering behavior [shear 
strength or deformability of rock joints] will be no better than the material properties used 
in the equation relating load and deformation properties, even though the relationships 
[equations] are [conceptually] correct and applicable” (Deere et al., 1966). Barton (1972) 
also discussed this issue and pointed out that “the fundamental problem of realistic input 
data has not been adequately tackled and numerical analysis fall short of reality as a 
result.” 
4. Some of the proposed models are based on limit equilibrium approach. The 
corresponding assumed failure mechanisms (e.g., sliding over asperities and sliding 
through asperities) have not been exclusively verified for actual rock sockets in soft rock. 
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The failure mechanism that is commonly assumed is in disparity with the observations of 
Williams (1980) for drilled shafts load tests in weathered siltstones in Sydney and that of 
Hassan et al. (1997) for drilled shafts in soft clayshales. 
5. The proposed models have not been evaluated against a large in situ load test database 
similar to that presented in Chapter 3 of this report. Therefore, any improvement in the 
“predictive capacity” of these models relative to less sophisticated methods commonly 
used in the design of rock sockets (see methods discussed in Chapter 2) has yet to be 
determined. 
 
4.4 Interface Direct Shear Test Databases 
The shear strength and deformability of rock joints are commonly studied in the 
laboratory using the constant normal stress direct shear equipment (Patton, 1966; Ladanyi and 
Archambault, 1969; Barton, 1973; Bandis, 1980; Yoshinaka and Yamabe, 1986). The behavior 
of shear surfaces that form on the perimeter of rock sockets in soft rock, however, is different 
from natural rock joints because the dilation (or sometimes contraction due to smooth interfaces) 
of the shear plane results in significant changes in normal stress that operates on the interface. 
This important boundary condition cannot be simulated in a traditional direct shear test device. 
Therefore, to better understand the behavior of such interfaces, Monash University investigations 
(e.g., Lam, 1983; Haberfield, 1987; Johston and Lam, 1989; Kodikara, 1989; Seidel, 1993) have 
developed a CNS direct shear device that allows for free movement perpendicular to the 
direction of sliding and was capable of simulating, to some extent, the confining effect of the 
surrounding rock mass that is present in a real rock socket. Data from these two of types of tests 
(i.e., constant normal stress direct shear tests and constant normal stiffness direct shear tests) are 
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collected from the published literature. The first database includes 227 constant normal stiffness 
(CNS) direct shear tests that are reported by Williams (1980), Kodikara (1989), Seidel (1993) 
and Gu (2001). The information reported in this database includes compressive strength (f’c) and 
modulus of elasticity of concrete (Ec) and unconfined compressive strength (qu), intact modulus 
of deformation (Ei) and friction angle (φ') of the soft rock used in these studies. The changes in 
shear stress, normal stress and dilation with shear displacement are reported for each case. The 
constant normal stiffness direct shear database is summarized in Table 4.1 and the complete 
database is available in Appendix C. A second database is collected from the results of constant 
normal stress direct shear tests on natural and artificial (developed by tension fracture of rock) 
rock joints. The data presented in this database are mainly reproduced from the work of Coulson 
(1970) and Bandis (1980). This database is summarized in Tables 4.2 and 4.3. 
The purpose of this database study is to i) study the behavior of the rock/rock interfaces 
(i.e., rock joints) that have been tested in constant normal stress direct shear device, ii) to study 
the behavior of rock/concrete interfaces tested in constant normal stiffness direct shear device, 
iii) to compare the behavior of interfaces in items (i) and (ii), iv) to evaluate the predictive 
methods presented in the previous sections and v) to compare the behavior of interfaces of items 
(i) and (ii) with that of soft rock/concrete interfaces in drilled shafts constructed in soft rock mass 
which will be discussed in Chapter 11. The above analyses are used to address the following 
questions: 
 
1. Are the laboratory direct shear tests (constant normal stress and normal stiffness) 
representative of the behavior of actual rock socketed drilled shafts? 
224
 
2. Can the predictive models discussed earlier in this chapter be used to estimate shear 
strength and deformational properties of interfaces discussed above? How well do the 
predictive models perform when applied to interface test results? 
 
4.4.1 Constant normal stiffness (CNS) direct shear tests on rock/concrete interfaces 
The constant normal stiffness direct shear tests reported in this chapter are based on the 
work of previous researchers at the Monash University. A summary of these tests is provided in 
Table 4.1 and the details of each test are included in Appendix C. These investigators used four 
roughness profile types in their CNS direct shear tests. These include planar, regular triangular, 
irregular triangular and fractal profiles. These profiles are shown in Figures 4.5 to 4.7. The 
regular triangular profiles that are shown in Figure 4.5 are characterized by a fixed chord length 
and chord angle. The planar and regular triangular profiles are somewhat unrealistic in that the 
profiles produced by the drilling processes have a random nature and cannot be represented by 
such patterns. For example, Hassan et al. (1997) observed sinusoidal roughness patterns on the 
sides of rock sockets drilled with auger in massive and horizontally bedded clayshales. In an 
interface test with irregular triangular profiles shown in Figure 4.6, the chord angles (i) and 
chord lengths (l) will change, however, the change is not random. A mean chord angle is selected 
and a standard deviation is assigned to the roughness profile. The irregular profiles, nonetheless, 
are better approximations of the roughness in real rock sockets in comparison with regular 
triangular profiles. The fractal profiles shown in Figure 4.7 are characterized by the randomness 
of their chord angle (i) and roughness height (h). There are several methods that can be used to 
develop these fractal profiles. The mid-point displacement technique that is illustrated in Figure 
4.8 is a common method. In this approach, the original profile length is subdivided into N 
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segments where N is a positive integer power of 2 (Seidel, 1993). A standard deviation of the 
chord angle (σi) is also selected. The process is initiated by subdividing the original profile 
length into two equal segments. The mid-point of the segment is then displaced up or down 
perpendicular to horizontal direction according to a chosen Gaussian distribution. This process is 
then repeated until the required number of segments is generated. The resulting profile will have 
a random nature and is the closest approximation of natural roughness in a rock socket. 
According to Seidel (1993), the fractal dimension of this profile is approximated using the 
following expression 
 









         (4-25) 
 
where D is the fractal dimension of the profile, σi is the standard deviation of the roughness 
angle and N is number of segments used in the fractal profile. The compressive strength (f’c) of 
the concrete used in construction of the interface test specimens is reported for some of the tests 
reviewed in this work. f’c ranges from 21 MPa to 40 MPa. The modulus of elasticity of concrete 
(Ec) was measured in most of the cases. Where this property was not measured, it is estimated 
using the ACI 318-14 equation that is reproduced below (after ACI 318-14) 
 
Ec(MPa) = 4700 f 'c (MPa)          (4-26) 
 
The concrete properties for each case are summarized in Appendix C. The unconfined 
compressive strength of the rock used in the CNS direct shear tests on rock/concrete interfaces 
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ranges from 0.862 MPa to 16.9 MPa that conveniently falls within the rage of unconfined 
compressive strength (qu) that is commonly used to define the soft rock mass (Deere and Miller, 
1966; Barton et al., 1978; Cepeda-Diaz, 1987; Rowe and Armitage, 1987; Kanji, 2014). The rock 
types include siltstone, sandstone and limestone. A synthetic rock, called Johnstone, was also 
used in these investigations. The Johnstone was constructed using a mixture of rock powder and 
cement. The information on the rock type is also provided for each case in Appendix C. 
 
4.4.2 Constant normal stress direct shear tests on rock joints 
This section introduces the second of the two joint interface test databases that are 
collected in this study. The database uses the constant normal stress direct shear tests on rock 
joints that are collected from the works of Coulson (1970) and Bandis (1980). 
Bandis (1980) used a synthetic rock in his direct shear test program. The synthetic rock 
was made of a mixture of sand, barytes, alumina and water. Bandis (1980) followed a casting 
technique that was used by Boyd (1975) where a rubber material was used to obtain molds of the 
natural joint surfaces. The synthetic rock mix was poured on the mold to create the desired 
surface roughness impressions. The specimens were then air dried for eight hours and then kept 
in the oven for 48 hours. The density of the synthetic rock ranges from 1.84 to 1.86 gr/cm3. The 
unconfined compressive strength of the rock specimens ranges from 0.74 MPa to 3.45 MPa. 
Bandis (1980) showed that the mechanical properties of the synthetic rock is similar to that 
observed for natural rock. More information on the material properties and joint profiles may be 
found in Bandis (1980). The database that is complied based on Bandis (1980) data is presented 
in Table 4.2. 
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Coulson (1970) used natural joint surfaces that were obtained from NX-size rock cores to 
perform direct shear tests and to measure the shear strength and deformability of the joints. The 
rock types that were used in Coulson (1970) tests are Grand Coulee granite and Hackensack 
siltstone. Coulson (1970) determined the roughness of the joint profiles by using the dilation 
angle of the joint surfaces that he used in his tests. The summary of the results for “wet” joint 
surfaces is provided in Table 4.3. The results of wet joint surfaces are used because they are 
more relevant to the shear surfaces that form on the perimeter of the rock sockets in soft rocks. 
 
4.5 Analysis Interface Test Data 
Test data are collected from constant normal stress and constant normal stiffness direct 
shear tests that are reported in the literature. The general characteristics of these databases are 
discussed in the preceding sections. The data that are presented in the Tables 4.1 to 4.3 and in 
Appendix C will be used in the subsequent sections to study i) initial shear stiffness (Ksi) of the 
shear planes, ii) the peak shear stress (fsp), iii) ultimate shear stress (fsu) and iv) the general shape 
of the shear stress-shear displacement relationships for the different types of tests that are 
reviewed. 
 
4.5.1 Initial shear stiffness (Ksi) 
It has been shown in the published literature (Clough and Duncan, 1969; Hungr and 
Coates, 1978; Bandis, 1980) that the pre-peak zone in a shear stress-shear displacement 
relationship for rock joints may be modeled using a hyperbolic function. Other workers in soil 
mechanics (Kondner, 1963; Duncan and Chang, 1970; Mesri et al., 1981) also showed that a 
hyperbolic function may be used to represent the pre-peak zone for the shear stress-shear strain 
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relationship for soils. A review of the t-z relationships from 317 drilled shaft load tests in soft 
rocks (data presented in Appendix B and Chapter 3) reveals that the pre-peak zone of t-z 
relationships may also be represented via a hyperbolic function. Knowledge of the initial shear 
stiffness (Ksi) of joints in rock mass or shear planes in the perimeter of rock sockets in soft rock 
is necessary to the use of a hyperbolic function for prediction of the pre-peak portion of the t-z 
relationship. Therefore, the initial shear stiffness obtained from the laboratory interface tests are 
used to better understand the factors that affect Ksi. The initial shear stiffness (Ksi) is obtained 
from the constant normal stiffness or constant normal stress direct shear tests collected from 
published literature that are summarized in Tables 4.1 to 4.3 and Appendix C. It must be noted 
that Ksi is back-calculated based on the slope of initial tangent to the measured shear stress-shear 
displacement relationships and it was shown in the previous chapters that this method produces 
results that are in reasonable agreement with calculated Ksi from the transformed (Mesri et al., 
1981) shear stress-shear displacement relationship. It must also be emphasized that data obtained 
from the laboratory direct shear tests studied in this section will not be used to develop a 
predictive model for Ksi; rather they will only be used to gain a better understanding of the initial 
shear stiffness of the shear surfaces in the sides of the rock socketed drilled shafts and for 
development of a framework for the analysis of the initial shear stiffness of the actual drilled 
shafts socketed in soft rock that will be discussed in Chapter 11. 
Figure 4.9 shows the variation of the initial shear stiffness (Ksi) with variables that 
characterize the rock/concrete interface (i.e., the rock properties, interface roughness 
characteristics and boundary conditions such as initial normal stress and initial normal stiffness) 
in the laboratory tests. These data are obtained from the constant normal stiffness (CNS) direct 
shear tests (Table 4.1 and Appendix C). The initial shear stiffness (Ksi) increases with the 
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unconfined compressive strength (qu) of rock that represents the compressive strength of the 
interface, friction angle of the rock (φ'), initial normal stress (σ'ni) that operates on the interface 
and asperity angle of the interface (i). The data does not show any significant effect of the type 
of roughness profiles on the initial shear stiffness (Ksi) back-calculated from the results of the 
CNS direct shear tests. The initial shear stiffness of the interface also does not vary with the 
asperity height (h). The data shows, however, that the initial shear stiffness decreases with the 
simulated normal stiffness (Kn). Barton (1972), Bandis (1980) and Bandis et al. (1983) have 
pointed out that the initial shear stiffness depends on the length of the joint profile (L). Data from 
Bandis (1980) in Figure 4.10 shows that the initial shear stiffness (Ksi) slightly decreases with 
increase in the length of the joint profile. Additional data, however, are required to confirm this 
observation and the other proposals regarding the scale dependency of the initial shear stiffness 
(Ksi). Figure 4.10 also shows that the initial shear stiffness will increase with the peak shear 
stress (fsp) but will decrease with the displacement to peak shear stress (zp). Data from the CNS 
direct shear tests are also compared with those from Bandis (1980) in Figures 4.11 and 4.12. 
These figures show that the initial shear stiffness of the rock joints is generally less than those 
obtained from the rock/concrete interfaces in constant normal stiffness direct shear device. It can 
be seen from Figure 4.12, however, that the initial shear stiffness values obtained from constant 
normal stress and constant normal stiffness direct shear tests appear to follow the same trend. 
Equations 4-14 and 4-15 suggested that initial shear stiffness of rock joints should depend 
on the normal stress (σ'n), compressive strength of the joint walls, residual friction angle of rock 
(φ'r) and the length of the profile (L). Data show that the initial shear stiffness in a confined joint 
(as modeled using in CNS direct shear test) is a function of normal stiffness of the surrounding 
rock. Barton (1972) indicated that the shear stiffness of the joints, among other parameters, is 
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function of modulus of deformation (that is related to normal stiffness). Moreover, Equation 4-14 
and Bandis (1980) suggest scale effect on the shear stiffness of the joints. Analysis of data 
obtained from Bandis (1980), however, suggests that profile length may have a secondary effect 
on shear stiffness of the joints. 
The findings in this section are compared with the initial shear stiffness of drilled shafts 
summarized in Chapter 3 (more details on each case may be found in Appendix B) to verify the 
validity of laboratory test methods for simulating the in situ conditions and suitability of the 
resulting design equations (e.g., equations 4-14 and 4-15) for analysis of drilled shafts. This 
discussion will be presented in Chapter 11. 
 
4.5.2 Peak shear stress (fsp) 
The peak shear stress (fsp) is used in limit state analysis to calculate the maximum load 
that can be taken in side resistance before a strength limit state is approached. The peak shear 
stress (fsp) is also used if the pre-peak range in the shear stress-shear displacement relationship is 
represented by a hyperbolic function. Therefore, the laboratory direct shear test results are used 
to better understand the peak shear stress (fsp) of rock joints and shear surfaces on the perimeter 
of rock sockets in soft rock masses. The findings in this chapter and the analysis of in situ load 
tests that are presented in Chapter 11 will be used to provide design recommendations for 
estimation of initial shear stiffness of drilled shafts in soft rock. 
Figure 4.13 shows the variation of the peak shear stress (fsp) measured in constant normal 
stiffness (CNS) direct shear tests (data from Williams, 1980; Kodikara, 1989; Seidel, 1993; Gu, 
2001) with variables that characterize the rock/concrete interface, rock properties and boundary 
conditions. The peak shear stress increases with the strength properties (i.e., qu and friction angle 
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of the rock, φ') of the rock. This is because the asperities in a stronger rock shear or crush at a 
higher normal stress and thus can support larger interface dilations. This will produce larger 
normal stresses on the rock/concrete interface. Profiles with higher initial normal stress will 
produce higher shear strength because for the same change in the normal stress, a profile with 
larger initial normal stress will have a higher normal stress at the onset of mobilization of fsp. The 
effect of initial normal stress in actual drilled shafts, however, is not as significant as it appears 
to be from the laboratory tests and thus additional test should be conducted to verify the 
importance of the initial normal stress. Profiles with larger asperity angles (i) and asperity height 
(h) will exhibit larger dilation and thus are characterized with greater shear strengths (fsp). 
Profiles with larger normal stiffness also are characterized with larger peak shear stresses 
because the increase in the normal stress from the initiation of shearing until the onset of failure 
is larger for an interface with larger normal stiffness (Boresi, 1965; Johnston and Lam; 1989; 
Seidel and Collingwood, 2001). The three roughness profiles exhibit the same behavior in terms 
of the variation of rock/concrete joint shear strength and fundamental parameters that are studied 
in this section. However, it should be noted that the profiles with regular triangular asperities, in 
general, exhibit larger mobilized shear strengths when compared with profiles with fractal and 
irregular asperities. 
Figure 4.14 shows a comparison of the tests performed under constant normal stiffness 
condition on the rock/concrete interfaces and those conducted under constant normal stress on 
rock joints. This figure shows that the peak shear stress increases with normal stress and it 
appears both test groups follow the same trend and no data clustering is observed. Figure 4.15 
shows the variation of peak shear stress (fsp) and the asperity angle (i) but no significant trend is 
observed. Figure 4.16 shows the same data of Figure 4.15 except that in Figure 4.16, the peak 
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shear stress is normalized with the normal stress at the onset of mobilization of the peak shear 
stress. Figure 4.16 shows that the ratio of peak shear stress to normal stress, that is commonly 
referred to as coefficient of friction or µ, increases with asperity angle. No data clustering can be 
observed for the rock/concrete interface and rock joints and these two profiles appear to behave 
similarly. Figure 4.17 shows the variation of the coefficient of friction with joint profile length 
(data are obtained from Bandis, 1980). Contrary to the proposal of Bandis (1980) who pointed 
out that fsp depends on the length of the profile, the change in coefficient of friction with the joint 
length (i.e., the scale effect) appears to be of secondary importance. 
 
4.5.3 Change in normal stress at peak shear stress (Δσnp) 
The review of literature and the analysis of peak shear stress data obtained from the 
laboratory interface tests showed that the peak shear stress is significantly affected by the normal 
stress that operates on the rock joints or rock/concrete interfaces, at the onset of failure. 
Therefore, the prediction of the normal stress (σ'np) on the shear plane at the onset of 
mobilization of the peak shear stress is an important task. In shear surfaces on the sides of rock 
sockets, this normal stress (σ'np) is calculated as the sum of the initial normal stress (σ'ni) and the 
change in the normal stress (Δσn) that takes place as a result of the dilation of the shear surface 
due to the presence of surface irregularities and other effects. Figure 4.18 shows the effect of 
various factors on the change in normal stress (Δσnp) at the onset of mobilization of peak shear 
stress. The change in the normal stress is an important variable because it is directly related to 
the peak shear stress when the joints are confined and are allowed to dilate. This is shown below 




fsp = (σ 'ni+ Δσnp )× tanφ 'm          (4-27) 
 
where σ'ni is the initial normal stress on the shear surface, Δσnp is the change in the normal stress 
when failure takes place and φ'm is the friction angle of the rock that may be obtained from Hoek 
and Brown (1997) if the type of rock is known and the weathering condition of rock mass can be 
quantified (e.g., GSI, RMR) or from the method of Terzaghi et al. (1996) if it can be assumed 
that the soft rock mass is at its fully softened condition and if information on the plasticity index 
(Ip) of the rock is available. 
Review of Figure 4.18 shows that as the rock becomes stronger (as represented by 
unconfined compressive strength, qu, and friction angle, φ'), the interface experiences a greater 
change in normal stress. This is explained by the fact that a stronger interface supports larger 
dilations before its asperities are sheared off or crushed under the large contact stresses produced 
on the interface and at the edges of the asperities. A rock/concrete interface with larger normal 
stiffness develops a greater change in the normal stress as expected. Johnston et al. (1987) also 
showed that higher normal stiffness produces higher shear stresses, which implies greater change 
in normal stress. Figure 4.18 also shows that the interfaces with greater initial normal stress 
experienced a greater change in the normal stress (this observation is in contradiction with data 
from in situ drilled shaft load tests in soft rocks). Interfaces with larger asperity angles (i) and 
heights (h) also experienced larger changes in the normal stress at the onset of the mobilization 
of the peak shear stress. These interfaces most probably experienced larger dilations as well. This 
is because the shear plane commonly forms (or in some cases is “forced” to form) at the interface 
of rock and concrete. Had the shear surface formed inside the rock mass due to interface 
roughness and the resulting interlocking and bonding due to penetration of cement paste into the 
234
 
rock pores (when drilled shaft is constructed in sandstone or limestone), as is the case for rock 
socketed drilled shafts (Williams, 1980), the effect of rock/concrete interface asperity average 
height and asperity angle would have been less significant. 
It must be noted that all tests performed on the rock joints (i.e., data from Coulson, 1970; 
Bandis, 1980) are conducted using the constant normal stress direct shear devices and the normal 
stress for these tests remains constant. 
 
4.5.4 Interface dilation at peak shear stress (δn) 
Dilation is important in the case of a confined joint such as that of shear planes on the 
sides of drilled shafts in soft rock because it controls the amount of increase in normal stress 
which in turn controls the peak shear stress. The variation of the normal stress (Δσn) with 
dilation can be explained using the following equation (Seidel and Collingwood, 2001) 
 
Δσn = Kn × δn           (4-28) 
 
where Kn is the normal stiffness of the rock mass and δn is the dilation of the shear surface. The 
normal stiffness can be expressed using the following equation (Johnston and Lam, 1989; Seidel 









where Em is the modulus of deformation of the rock mass, ν is the Poisson’s ratio and r is the 
radius of the rock socket. The factors affecting dilation of the shear surface at onset of 
mobilization of the peak shear stress are studied in Figure 4.19 using the laboratory constant 
normal stiffness (CNS) direct shear test results (data from Williams, 1980; Kodikara, 1989; 
Seidel, 1993; Gu, 2001). This figure indicates that the dilation at peak shear stress increases with 
the strength of the rock (i.e., unconfined compressive strength, qu, and friction angle of the rock, 
φ'), with asperity height (h) and asperity angle (i). The dilation at the peak shear stress, however, 
decreases with an increase in the initial normal stress (σ'ni) and normal stiffness of the rock (Kn). 
This figure is important in that it shows that a good quality rock can produce a stiff response to 
the normal dilation of the shear surface and can produce large normal stresses. 
 
4.5.5 Post-peak behavior and brittleness index (IB) 
The shear stress-shear displacement of rock joints have been studied extensively by the 
previous workers in the fields of geology and rock mechanics (e.g., Lee et al., 1948; Handin and 
Hager, 1958; Jaeger, 1959; Griggs et al., 1960; Orowan, 1960; Horn and Deere, 1962; Lane and 
Heck, 1964; Skempton, 1964; Maurer, 1965; Brace and Byerlee, 1966; Patton, 1966; Mogi, 
1966; Skempton, 1966; Byerlee, 1967a; Byerlee, 1967b; Krsmanovic, 1967; Byerlee, 1968; 
Locher, 1968; Goodman et al., 1968; Byerlee and Brace, 1968; Coulson, 1970; Barton, 1971; 
Jaeger, 1971; Barton, 1976; Rosso, 1976; Barton and Choubey, 1977; Byerlee, 1978; Krahn and 
Morgenstern, 1979; Barton and Bandis, 1980; Bandis, 1980; Dight and Chiu, 1981; Pease and 
Kulhawy, 1984; Yoshinaka and Yamabe, 1986; Barton, 2013). Comparison of the measured 
shear stress-shear displacement relationships for the rock joints (e.g., tests reported by Brace and 
Byerlee, 1966; Patton, 1966; Coulson, 1970; Jaeger, 1971; Nieto-Pescetto, 1974; Bandis, 1980) 
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with that of shear surfaces that form on the perimeter of rock sockets in soft rocks (see Appendix 
B for the shear stress-shear displacement, t-z, relationships for drilled shafts in soft rock) reveals 
significant similarities in the pre-peak and post-peak shapes of the shear stress-shear 
displacement relationship for the two interface types. The pre-peak parameters (i.e., initial shear 
stiffness, Ksi, and peak shear stress, fsp) are discussed in the previous sections. The mechanism of 
post-peak softening and wear for rock joints in constant normal stress direct shear tests and 
rock/concrete interfaces in constant normal stiffness direct shear tests are discussed in this 
section. The behavior will be compared with that observed for actual shear planes in drilled 
shafts in soft rock masses. 
The effect of change in the characteristics of particles (i.e., particle breakage and 
shattering) in granular material (e.g., rockfills, sands and gravels) on their shear strength and 
deformational properties has been discussed in the technical literature (e.g., Marsal, 1967; 
Terzaghi et al., 1996). Marsal (1967) related the extent of the particle damage to the strength of 
the individual particles and to the intergranular stresses. Coulson (1970) and Jaeger (1971) 
attributed the reduction in the shear stress in the post-peak zone to the wear of the interface. The 
change in the properties of surface irregularities of rock joints is analogues to the particle 
damage observed in shearing of granular material. Jaeger (1971) proposed that the amount of 
post-peak drop is more significant for rough interfaces because wear and change in the 
characteristics the shear surface irregularities increases with initial roughness. Unlike joints with 
distinct surface irregularities, Jaeger (1971) showed that for joints with somewhat flat and 
polished surfaces, the distinct peak shear stress is not mobilized (note that a distinct peak shear 
stress is not observed in drilled shaft load tests and peak and ultimate shear stress are very close). 
Instead, Jaeger (1971) observed that the peak and ultimate shear stresses (fsp and fsu, 
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respectively) are close for the flat surfaces. This observed behavior may be attributed to the fact 
that in a joint with smooth joint walls, the change in shear surface roughness pattern is 
minimized and so does the change in the mobilized shear stress with shear displacement after the 
achievement of the peak shear stress. Barton and Choubey (1977) suggested that “in general, a 
weak rough joint wall (low JCS, high JRC) will suffer more damage during shear than a strong 
smooth surface, though neither will dilate strongly. Only those surfaces with high JCS and high 
JRC will dilate strongly at the instant of peak strength.” JCS refers to the joint wall compressive 
strength and JRC refers to the joint roughness coefficient. Horn (1960) summarized the research 
results of Hardy and Hardy (1919) who investigated the shearing strength of polished and 
cleaned glass surfaces. Horn (1960) reports the presence of fine scratches on the surfaces of these 
polished glass samples after the conclusion of the test that is another example of change in the 
characteristics of interface roughness. Horn (1960) also quotes research results from Fry (1950) 
where heavy gouging was observed in testing interfaces made up of gypsum and talc minerals 
that also reveals the fact that the shear surface roughness pattern/characteristics will change with 
shear displacement. The wear of the interface was also observed by Byerlee (1967a) for tests on 
joints in fine-grained granite from Westerly. Byerlee (1967a) observed that joint “surfaces 
contained a fine white debris after sliding.” Byerlee also observed that “the amount of debris and 
the size of the particles increased with the roughness of the surfaces in contact.” Others (Brace 
and Byerlee, 1966; Byerlee and Brace, 1968) attributed the rapid post-peak reduction in shear 
stress to the phenomenon of stick-slip and the limitations of the testing device (i.e., stiffness of 
direct shear device). The stick-slip is defined as a behavior where the “surfaces momentarily lock 
together, then suddenly release and slide forward and then lock again” (Byerlee and Brace, 
1968). Horn (1960) defined the stick-slip behavior as the situation where “frictional resistance 
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builds up to a peak and then suddenly drops off. The drop off is accompanied by a rapid, short 
duration moment of the slider [of one cap of the direct shear device with relative to another 
half].” It appears that both definitions are in agreement and refer to the same behavior. Horn 
(1960) also attributes this behavior to the stiffness of the system and indicates that stick-slip 
response is less likely when the static and kinetic shear stresses (that are analogues to the peak 
and ultimate shear stresses in the context of this report) are comparable in magnitude. As will be 
shown later in Chapter 11 using in situ evidence, the stick-slip response is uncommon in drilled 
shafts in soft rock because the change in shear stress after achievement of peak shear stress is 
small. This indicates that a drilled shaft/soft rock system may be modeled as a stiff system and 
thus the stick-slip phenomenon does not have any practical applications in design of these 
structures. A different group of investigators attributed the sudden drop in the shear stress to the 
operating normal stress on the rock joint (Patton, 1966; Krsmanovic, 1967; Byerlee, 1967; 
Byerlee, 1968; Bandis, 1980; Seidel, 1993) and its affects on the change of mode of shear and 
location of the shear surface. They postulated that at relatively high normal stresses, sliding by 
shearing through the asperities would require less energy than sliding by climbing over 
asperities. In the former mode (i.e., shearing through asperities), the dilation (i.e., the geometric 
interference component, after Terzaghi et al., 1996) at the interface will be reduced to its 
minimum value and thus shear stresses will decrease if the joint is confined (e.g., joints that are 
observed in drilled shafts in soft rocks). Krahn and Morgenstern (1979) performed direct shear 
tests on joints in Turtle Mountain limestone (obtained from Alberta, Canada) and observed that 
“except at low normal stresses, there was essentially no difference between peak and ultimate 
resistance for relatively smooth and flat artificial surface[s].” This is because at low normal 
stresses, dilation can take place and thus a distinct peak may be observed. They, however, 
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observed that for natural discontinuities, there was a significant drop from peak to ultimate 
condition. When the shear stress-shear displacement relationship shows a significant amount of 
post-peak reduction in shear stress, the movement is said to be unstable (Byerlee and Brace, 
1968) and when such reduction is absent, the behavior is stable. 
Despite all of the working theories in the published literature that commonly attribute the 
post-peak behavior to only “one” of the mechanisms discussed above, it is more likely that the 
reduction of the shear stress for rock socketed drilled shafts in the post-peak range could be a 
result of combinations of events and thus more than one factor should be considered if the post-
peak shear stress at a certain post-peak shear displacement is to be predicted. The term 
“brittleness” has been used to refer to the nature of the post-peak response of rocks and rock 
joints by previous workers (e.g., Byerlee, 1967; Byerlee, 1968; Goodman, 1980). The reduction 
in the shear stress of the rock joints and rock/concrete interfaces with continued shear 
displacement is an important design consideration. A Brittleness Index (IB) (analogues to the 
concept of Secant Compression Index, after Terzaghi et al., 1996) is defined in this section to 









          (4-30) 
 
where IB is the brittleness index, fsu is the ultimate shear stress of the interface and fsp is the peak 
shear stress of the interface, zu and zp are displacements at ultimate and peak conditions, 
respectively. It must be emphasized that the term “ultimate shear stress” refers, herein, to the 
lowest shear stress that is mobilized with continued post-peak shear displacement before the 
240
 
termination of the test. Some authors (e.g., Eleventh Rankine Lecture by Jaeger, 1971; Barton, 
1972) have chosen to describe the same concept using the term “residual shear stress.” The use 
of the term “residual shear stress” is avoided in this text to prevent any confusion with the true 
residual shear strength of soils that is described by Skepmton (1964) in the Fourth Rankine 
Lecture, Terzaghi et al., (1996) and Mesri and Shahien (2003). Therefore, the term “ultimate 
shear stress” is chosen to refer to the shear stress mobilized at the largest post-peak shear 
displacement obtained in the laboratory direct shear tests or in in situ drilled shaft load tests. It 
must be noted that this option has precedence in the literature (e.g., Krahn and Morgenstren, 
1979). 
The post-peak behavior of the rock/concrete interfaces in constant normal stiffness direct 
shear tests is discussed first. The variation of the brittleness index (IB) with different interface 
properties is shown in Figure 4.20 and the variation of the normalized IB by the peak shear stress 
(i.e., IB/fsp) is shown in Figure 4.21. The degradation of the shear stress at the rock/concrete 
interface is related to the characteristics of the surface irregularities (i.e., asperity height, h, and 
angle, i), compressive strength of the rock that makes the interface (i.e., qu and the friction angle, 
φ') and the normal stiffness (Kn) of the interface. The degradation of the shear strength of the 
interface thus may be linked to the wear of interface asperities and the resulting contractive 
behavior and decrease in geometrical interference due to the roughness of the interface. The 
shearing off of the interface asperities is discussed in detail by Johnston and Lam (1989) and is 
observed by others. Figures 4.20 and 4.21 show that the consequence of asperity crushing is 
more detrimental for regular and irregular triangular interfaces. Fractal interfaces that are the best 
approximations of the actual soft rock/concrete interfaces (assuming that the shear surface is at 
the rock/concrete interface that is rare in reality based on in situ observations of Williams, 1980 
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and Hassan et al., 1997) suffer less asperity destruction and the reduction in shear strength is not 
as severe compared to interfaces with regular and irregular asperities that often exhibit brittle and 
unstable post-peak sliding. It must be noted, as indicated in the previous sections, that the effect 
of interface roughness is only consequential if the shearing occurs predominantly at the 
rock/concrete interface. Williams (1980), Hassan (1994) and Hassan et al. (1997) observations, 
however, clearly indicate that this is not the case for drilled shafts in soft and weathered rocks. 
Therefore, as is shown in Chapter 11, the roughness of rock/concrete interface in actual rock 
sockets may not paly an important of a role as is suggested by laboratory direct shear tests (it has 
been pointed out by Hassan et al., 1997, however, that a rough interface will force the shear 
surface to migrate from the rock/concrete interface to a distance away from that interface and 
into the adjacent rock mass). The interfaces with greater normal stiffness (Kn) suffer less 
reduction in the shear strength because for the same degree of asperity crushing, they experience 
a lessor degree of normal stress loss. 
Two databases are collected for analysis of behavior of rock joints. These databases 
contain data from the work of Coulson (1970) and Bandis (1980). These databases unfortunately, 
do not contain all of the rock and interface properties that are believed to control the behavior of 
joint in the post-peak range. Therefore, only a limited number of analyses may be performed to 
use the results presented in these databases to study the post-peak behavior. Figure 4.22 shows 
the variation of the ratio of ultimate shear stress to the peak shear stress (fsu/fsp) as a function of 
post-peak shear displacements for rock/concrete interfaces under constant normal stiffness 
(CNS) condition and rock joint data obtained from Bandis (1980). This figure shows that the 
ratio of fsu/fsp will decrease with additional post-peak displacement. Figure 4.23 shows the 
variation of the ratio of fsu/fsp with the dilation angle of the interface. This figure shows that the 
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post-peak reduction in shear stress is more significant for the profiles for which dilation angle is 
greater (i.e., rougher surface). Figure 4.24 shows the variation of the ratio of fsu/fsp with the 
normal stress at peak shear stress. This figure shows that the post-peak drop (softening) in shear 
stress is larger for profiles where the normal stress is smaller. 
The normal stress changes at the onset of the mobilization of ultimate shear stress (see 
Figure 4.25) is critical to the understanding of the brittleness of a soft rock/concrete interface or 





           (4-31) 
 
where σloss denotes the percentage loss in normal stress, σnu is the normal stress at ultimate 
condition and σnp is the normal stress at peak shear stress. There are three possible scenarios for 
the post-peak normal stress change: i) the normal stress will continue to increase after the peak 
shear stress is reached, ii) the normal stress will be maintained or iii) the normal stress will 
decease. Case (i) pertains to a strength-hardening behavior. This is mostly observed in the 
profiles that are less prone to asperity crushing. The analyses of the CNS data show that this 
behavior is a characteristic of profiles with fractal and irregular triangular asperities. Case (ii) is 
also a characteristic of fractal and irregular triangular profiles. However, it is more pertinent to 
the irregular triangular profiles. The loss of the normal stress is most significant in the regular 
triangular profiles. This is because the well-defined asperities in these profiles are more prone to 
degradation and crushing. Therefore, they are susceptible to higher degrees of stress loss. 




4.6 Evaluation of the Current Models 
Several models have been proposed in the technical literature for estimation of the shear 
strength and deformability of rock joints and rock/concrete interfaces that are discussed in the 
previous sections. These models, however, have not been evaluated using a large database where 
measured interface properties have been reported (e.g., databases reported in Appendices B and 
C). The databases that are compiled in this chapter will be used to evaluate some of current 
design models. A more comprehensive evaluation of the design models will be provided in 
Chapter 6 of this report. It must be noted, however, that the information necessary for some of 
the design equations that are reviewed in this chapter are not available in the database collected 
herein and thus all of the methods my not be evaluated at this time. 
 
4.6.1 Mohr-Coulomb and Patton (1966) models 
The data from constant normal stiffness (CNS) direct shear tests on fractal, planar, 
regular and irregular triangular asperities are superimposed and also plotted separately in Figure 
4.26. Figure 4.26 shows that for rock/concrete interfaces, a cohesion intercept is not relevant and 
the failure envelope can be approximated with a constant-slope failure envelop that passes 
through the origin for all profile types reviewed herein. A constant-slope failure envelop can 
capture the variation of normal stress and shear strength because of the limited range of normal 
stresses that were used in the constant normal stiffness direct shear tests that are available to the 
Author. The range of the normal stresses reported in the databases compiled in this chapter, 
however, compares with the range of normal stresses that are reported for actual drilled shafts in 
soft rocks. Figure 4.26 also indicates that the abrupt change in the slope of the failure envelope 
as suggested by Patton (1966) in Equations 4-2 and 4-3 is not pertinent to the boundary 
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conditions that are present in constant normal stiffness direct shear tests on the fractal, irregular 
triangular and regular triangular profiles that are studied in this work. Figure 4.27 shows a 
typical failure envelope obtained from constant normal stress direct shear tests on regular 
profiles by Patton (1966). This figure shows that the profiles with asperities with small degrees 
of inclination do not exhibit the abrupt change in the slope of the shear strength envelope. This 
figure also shows the transition pressure (i.e., the normal stress at which the slope of failure 
envelop changes) increases with a decrease in the slope of the asperities. 
 
4.6.2 Seidel (1993) model 
Figures 4.26 and 4.27 indicate that the shear strength of rock joints and the normal stress 
on the joint at failure are strongly correlated. The Mohr-Coulomb, Patton (1966) and Barton 
(1973) models provide not much guidance on the prediction of normal stress because they 
assume it is equivalent to the initial normal stress. Previous discussions in this chapter revealed, 
however, that the normal stress in constant normal stiffness (CNS) direct shear tests and 
equivalently in a drilled shaft load test in soft rock (for data on drilled shafts see Chapter 11) 
does not remain constant during the shear displacement. Therefore, the estimation of the final 
normal stress on the shear plane is of utmost importance. The proposed method of Seidel (1993) 
for the calculation of the normal stress at failure is shown below 
 
σ 'np = σ 'ni+ k × xf × tanα          (4-32) 
 
All terms in the above equation are defined in the previous sections. The value of shear 
displacement at failure can be calculated using Equation 4-23. Figures 4.28 and 4.29 show the 
comparison of the predicted and measured values for shear displacement and normal stress at 
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failure according to the method of Seidel (1993). These figures show that this method cannot 
precisely estimate the displacement and normal stress at failure condition that are needed for 
calculation of the peak shear stress at failure. 
 
4.6.3 Hoek (1983) model 
The approach proposed by Hoek (1983) for the evaluation of shear strength of rock joints 
is discussed in the previous sections. The proposed approach was first used to estimate the 
friction angle of rock mass in each drilled shaft case history using Equation 4-17. The friction 
angle and Equation 4-16 were then used to estimate the shear strength of shear planes that form 
on the perimeter of the drilled shafts (see Appendix B). The predicted and measured peak shear 
strength values for drilled shaft case records of Appendix B are compared in Figure 4.30. This 
figure shows that model of Hoek (1983) is conservative and consistently underestimates the peak 
shear stress mobilized in drilled shaft load tests in soft rocks. 
 
4.7 Concluding Remarks 
The models for prediction of the shear strength and deformational properties of rock 
joints and rock/concrete interfaces are discussed in this chapter. The results of constant normal 
stress and constant normal stiffness direct shear tests from literature are summarized in two 
databases (Tables 4.1 to 4.3 and Appendix C) and are discussed in the previous sections. These 
databases are used to study the effect of different variables on the initial shear stiffness (Ksi), 
peak shear stress (fsp), change in normal stress at the onset of mobilization of peak shear stress 
(Δσnp), the post-peak behavior of the shear stress-shear displacement relationships and the 




1. In some of the constant normal stiffness (CNS) direct shear tests, the shear surface is 
forced to form at the rock/concrete interface by preventing bond between rock and 
synthetic rock. This is not the case in a real rock socketed drilled shafts in soft rock mass. 
2. The shear surface on perimeter of drilled shafts in soft rock masses has been observed to 
form inside the rock and not necessarily at the rock/concrete interface (Williams, 1980; 
Hassan, 1994; Hassan et al., 1997). 
3. When the shear surface is within the rock mass and not at the rock/concrete interface, the 
interface roughness properties (i.e., average roughness height and asperity angle 
statistics) do not paly an important role in the behavior of rock socketed drilled shafts. 
4. Some of the models that are discussed in the previous sections for shear strength and 
deformability of rock joints and rock/concrete interfaces do not address some of the most 
important factors (rock mass weathering condition, roughness of the interface and 
compressive strength of interface) that affect the behavior of the interface. 
5. Some of the predictive methods are based on limit equilibrium approach. The failure 
mechanisms that are assumed in these methods have not been verified for the actual 
drilled shafts in soft rocks. 
6. The initial shear stiffness (Ksi) as obtained from laboratory direct shear tests increases 
with the unconfined compressive strength (qu) of rock, friction angle of the rock (φ'), 
initial normal stress (σ'ni) and asperity angles of the interface irregularities (i). Average 
roughness height (h) of the asperities appears to not have much effect on the initial shear 
stiffness of shear stress-shear displacement relationships. 
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7. The peak shear stress (fsp) increases with the compressive strength of the interface (i.e., qu 
of the rock) and the friction angle of the rock (i.e., φ'). Profiles with larger initial normal 
stress (σ'ni) will produce a larger peak shear stress (this is in contradiction with results 
obtained for drilled shafts in soft rocks). However, when change in the normal stress is 
significantly larger than the initial normal stress, the effect of initial normal stress on the 
interface behavior will diminish. Profiles with higher asperity angles (i) and asperity 
height (h) will exhibit larger dilation and thus are characterized with higher shear 
strength. Profiles with larger normal stiffness (Kn) also are characterized with higher 
shear strengths. 
8. The change in the normal stress from the initiation of the shearing to the onset of the 
mobilization of peak shear stress is studied. It is shown that an increase in the 
compressive strength of the interface (i.e., qu of the rock) and friction angle of the rock 
(φ'), normal stiffness (Kn) and asperity angle (i) and height (h) will result in higher 
changes in normal stress at failure. 
9. The dilation at ultimate increases with the unconfined compressive strength (qu) and 
friction angle of the rock (φ'), asperity height (h) and asperity angle (i). The dilation at 
ultimate condition however, decreases with an increase in the initial normal stress (σ'ni) 
and normal stiffness of the rock (Kn). 
10. The degradation of the shear strength at the rock/concrete interface is governed by the 
asperity characteristics (i.e., asperity height, h, and angle, i), compressive strength of the 
rock (qu), friction angle of rock (φ') and the normal stiffness (Kn) of the interface. 
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11. Length of the profile (L) appears to slightly decrease the shear strength and deformability 
of the interfaces in the databases that are collected. Additional data is required for 
verification of this observed scale dependency. 
12. Asperity crushing is more detrimental for regular and irregular triangular interfaces. 
Fractal interfaces suffer less asperity destruction and the reduction in shear strength is not 
as severe compared to interfaces with regular and irregular asperities. The interfaces with 
larger initial normal stiffness also suffer less reduction in the shear strength. 
13. For rock/concrete interfaces, a cohesion intercept is not relevant. The failure envelope 
can be approximated with a constant-slope line (for the range of normal stresses that are 
observed) that passes through the origin. It must be noted that the cohesion intercept is 
merely a mathematical expression that is used to quantify the intercept of the failure 
envelop with the shear stress axis and has no other meanings. Any other interpretation of 
this intercept, as commonly seen in the technical literature, is a fallacy. When it exists in 
an equation that describes the rupture line for a given interface, it does not necessarily 
mean that some sort of “cohesion” or “adhesion” between the interface is contributing to 
the overall shear strength of the interface. 
14. The abrupt change in the slope of the failure envelope as suggested by Patton (1966) is 
not pertinent to the case of CNS direct shear tests on the fractal, irregular triangular and 
regular triangular profile. 
15. The transition pressure (i.e., the normal stress at which the slope of failure envelope 






Table 4.1 Constant normal stiffness direct shear test database (all data from literature) 
 
  
Database ID Reference Rock type
CNS1 Williams (1980) Dry Plaster
CNS2 Williams (1980) Dry Plaster
CNS3 Williams (1980) Dry Plaster
CNS4 Williams (1980) Dry Plaster
CNS5 Williams (1980) Dry Plaster
CNS6 Williams (1980) Dry Plaster
CNS7 Williams (1980) Dry Plaster
CNS8 Williams (1980) Dry Plaster
CNS9 Williams (1980) Siltstone
CNS10 Williams (1980) Siltstone
CNS11 Williams (1980) Siltstone
CNS12 Williams (1980) Siltstone
CNS13 Williams (1980) Siltstone
CNS14 Williams (1980) Siltstone
CNS15 Williams (1980) Siltstone
CNS16 Williams (1980) Siltstone
CNS17 Williams (1980) Siltstone
CNS18 Williams (1980) Siltstone
CNS19 Williams (1980) Siltstone
CNS20 Williams (1980) Siltstone
CNS21 Williams (1980) Siltstone
CNS22 Williams (1980) Siltstone
CNS23 Williams (1980) Siltstone
CNS24 Williams (1980) Siltstone
CNS25 Seidel (1993) Johnstone
CNS26 Seidel (1993) Johnstone
CNS27 Seidel (1993) Johnstone
CNS28 Seidel (1993) Johnstone
CNS29 Seidel (1993) Johnstone
CNS30 Seidel (1993) Johnstone
CNS31 Seidel (1993) Johnstone
CNS32 Seidel (1993) Johnstone
CNS33 Seidel (1993) Johnstone
CNS34 Seidel (1993) Johnstone
CNS35 Seidel (1993) Johnstone
CNS36 Seidel (1993) Johnstone
CNS37 Seidel (1993) Johnstone
CNS38 Seidel (1993) Johnstone
CNS39 Seidel (1993) Johnstone
















































































































































































10 45 45 Regular triangular
10 45 45 Regular triangular
10 45 45 Regular triangular
10 45 45 Regular triangular
10 45 45 Regular triangular
10 45 45 Regular triangular
10 12 13 Regular triangular
10 12 11 Regular triangular
2.6 2 14 11 Irregualr triangular
2.1 2 18 21 Irregualr triangular
1.7 0 14 13 Irregualr triangular
3.3 1 16 19 Irregualr triangular
2.4 0 17 6 Irregualr triangular
2.4 0 17 14 Irregualr triangular
2.9 1 20 14 Irregualr triangular
5.8 1 18 7 Irregualr triangular
6.4 2 19 15 Irregualr triangular
5.6 2 20 6 Irregualr triangular
8.2 3 18 8 Irregualr triangular
4.7 1 19 27 Irregualr triangular
3 1 13 22 Irregualr triangular
2.4 2 14 27 Irregualr triangular
2.8 2 14 27 Irregualr triangular
3.2 2 13 22 Irregualr triangular
3.75 5 3.3 Regular triangular
7.5 10 6.1 Regular triangular
6 12.5 5.7 Regular triangular
6 12.5 10.25 Regular triangular
6 12.5 11.76 Regular triangular
6 12.5 10.7 Regular triangular
6 12.5 6.6 Regular triangular
7.5 15 13 Regular triangular
9.5 17.5 7.5 Regular triangular
9.5 22.5 2.6 Regular triangular
9.5 22.5 13.4 Regular triangular
9.5 22.5 8.8 Regular triangular
9.5 22.5 9.5 Regular triangular
11.5 27.5 15.6 Regular triangular
6 12.5 5 12 Irregualr triangular
5.5 12.5 5 10 Irregualr triangular
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Database ID Reference Rock type
CNS41 Seidel (1993) Johnstone
CNS42 Seidel (1993) Johnstone
CNS43 Seidel (1993) Johnstone
CNS44 Seidel (1993) Johnstone
CNS45 Seidel (1993) Johnstone
CNS46 Seidel (1993) Johnstone
CNS47 Seidel (1993) Johnstone
CNS48 Seidel (1993) Johnstone
CNS49 Seidel (1993) Johnstone
CNS50 Seidel (1993) Johnstone
CNS51 Seidel (1993) Johnstone
CNS52 Seidel (1993) Johnstone
CNS53 Seidel (1993) Johnstone
CNS54 Seidel (1993) Johnstone
CNS55 Seidel (1993) Johnstone
CNS56 Seidel (1993) Johnstone
CNS57 Seidel (1993) Johnstone
CNS58 Seidel (1993) Johnstone
CNS59 Seidel (1993) Johnstone
CNS60 Seidel (1993) Johnstone
CNS61 Seidel (1993) Johnstone
CNS62 Seidel (1993) Johnstone
CNS63 Seidel (1993) Johnstone
CNS64 Seidel (1993) Johnstone
CNS65 Seidel (1993) Johnstone
CNS66 Seidel (1993) Johnstone
CNS67 Seidel (1993) Johnstone
CNS68 Seidel (1993) Johnstone
CNS69 Seidel (1993) Johnstone
CNS70 Seidel (1993) Limestone
CNS71 Seidel (1993) Limestone
CNS72 Seidel (1993) Limestone
CNS73 Seidel (1993) Limestone
CNS74 Seidel (1993) Limestone
CNS75 Seidel (1993) Limestone
CNS76 Seidel (1993) Limestone
CNS77 Seidel (1993) Limestone
CNS78 Seidel (1993) Limestone
CNS79 Seidel (1993) Limestone
























































































































































9.5 22.5 7.5 2.44 Irregualr triangular
9.5 22.5 7.5 16.38 Irregualr triangular
10.5 22.5 7.5 21.8 Irregualr triangular
25 12.5 5.2 Regular triangular
25 12.5 4.62 Regular triangular
25 12.5 11.9 Regular triangular
0 0 0 Planar
0 0 0 Planar
0 0 0 Planar
0 0 0 Planar
16 0.566764347 2.03 2.53 2.86 Fractal
16 0.566764347 2.03 2.53 2.1 Fractal
16 0.566764347 2.03 2.53 0.6 Fractal
16 1.408400853 5.05 13.66 12.43 Fractal
16 1.408400853 5.05 6.29 6.11 Fractal
16 1.408400853 5.05 6.29 5.42 Fractal
16 1.408400853 5.05 6.29 3.5 Fractal
16 2.237830472 8.04 20.58 14.3 Fractal
16 2.237830472 8.04 16.78 9.46 Fractal
16 2.237830472 8.04 9.97 2.88 Fractal
16 2.237830472 8.04 9.97 4.93 Fractal
16 2.237830472 8.04 9.97 6.27 Fractal
16 2.237830472 8.04 9.97 3.54 Fractal
16 2.237830472 8.04 9.97 10.16 Fractal
16 3.441219792 12.42 29.11 12.8 Fractal
16 3.441219792 12.42 15.26 13.13 Fractal
16 3.441219792 12.42 15.26 9.38 Fractal
16 3.441219792 12.42 15.26 7.6 Fractal
16 5.921137011 21.72 25.98 9.46 Fractal
3.8 5 3.7 Regular triangular
7.5 10 5.6 Regular triangular
6 12.5 3.7 Regular triangular
6 12.5 7.72 Regular triangular
6 12.5 4.16 Regular triangular
6 12.5 3.92 Regular triangular
6 12.5 9.8 Regular triangular
9.5 17.5 7.1 Regular triangular
9.5 22.5 7.3 Regular triangular
9.5 22.5 2.53 Regular triangular
9.5 22.5 15.7 Regular triangular
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Database ID Reference Rock type
CNS81 Seidel (1993) Limestone
CNS82 Seidel (1993) Limestone
CNS83 Seidel (1993) Limestone
CNS84 Seidel (1993) Limestone
CNS85 Seidel (1993) Limestone
CNS86 Seidel (1993) Limestone
CNS87 Seidel (1993) Limestone
CNS88 Seidel (1993) Limestone
CNS89 Seidel (1993) Limestone
CNS90 Seidel (1993) Limestone
CNS91 Seidel (1993) Limestone
CNS92 Seidel (1993) Limestone
CNS93 Seidel (1993) Limestone
CNS94 Seidel (1993) Limestone
CNS95 Seidel (1993) Limestone
CNS96 Seidel (1993) Limestone
CNS97 Seidel (1993) Limestone
CNS98 Seidel (1993) Limestone
CNS99 Seidel (1993) Limestone
CNS100 Seidel (1993) Limestone
CNS101 Seidel (1993) Limestone
CNS102 Seidel (1993) Limestone
CNS103 Seidel (1993) Limestone
CNS104 Seidel (1993) Limestone
CNS105 Seidel (1993) Limestone
CNS106 Seidel (1993) Limestone
CNS107 Seidel (1993) Limestone
CNS108 Seidel (1993) Limestone
CNS109 Seidel (1993) Limestone
CNS110 Seidel (1993) Limestone
CNS111 Seidel (1993) Limestone
CNS112 Seidel (1993) Limestone
CNS113 Kodikara (1989) Johnstone
CNS114 Kodikara (1989) Johnstone
CNS115 Kodikara (1989) Johnstone
CNS116 Kodikara (1989) Johnstone
CNS117 Kodikara (1989) Johnstone
CNS118 Kodikara (1989) Johnstone
CNS119 Kodikara (1989) Johnstone
























































































































































9.5 22.5 3.86 Regular triangular
13 27.5 14.6 Regular triangular
5.5 12.5 5 5 Irregualr triangular
5.5 12.5 5 7.6 Irregualr triangular
5.5 12.5 5 11.63 Irregualr triangular
10.5 22.5 7.5 3.05 Irregualr triangular
9.5 22.5 7.5 9.6 Irregualr triangular
9.5 22.5 7.5 14.85 Irregualr triangular
0 0 0 Planar
0 0 0 Planar
0 0 0 Planar
0 0 0 Planar
0 0 0 Planar
16 0.566764347 2.03 2.53 2.41 Fractal
16 0.566764347 2.03 2.53 1.18 Fractal
16 1.408400853 5.05 6.29 4 Fractal
16 1.408400853 5.05 6.29 2.86 Fractal
16 1.408400853 5.05 6.29 4.2 Fractal
16 2.237830472 8.04 20.58 4.7 Fractal
16 2.237830472 8.04 16.78 4.8 Fractal
16 2.237830472 8.04 9.97 5.9 Fractal
16 2.237830472 8.04 9.97 4.5 Fractal
16 2.237830472 8.04 9.97 3.07 Fractal
16 2.237830472 8.04 9.97 0 Fractal
16 2.237830472 8.04 9.97 2.05 Fractal
16 2.237830472 8.04 9.97 8.3 Fractal
16 3.441219792 12.42 29.11 4.1 Fractal
16 3.441219792 12.42 24.39 7.1 Fractal
16 3.441219792 12.42 15.26 7.6 Fractal
16 3.441219792 12.42 15.26 9.1 Fractal
16 3.441219792 12.42 15.26 7.7 Fractal
16 5.921137011 21.72 25.98 7.1 Fractal
9.5 22.5 7.4 Regular triangular
9.5 22.5 11.11 Regular triangular
9.5 22.5 7.4 Regular triangular
9.5 22.5 6.22 Regular triangular
9.5 22.5 1.87 Regular triangular
9.5 22.5 3.64 Regular triangular
9.5 22.5 2.5 7.6 Irregualr triangular
9.5 22.5 2.5 6.02 Irregualr triangular
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Database ID Reference Rock type
CNS121 Kodikara (1989) Johnstone
CNS122 Kodikara (1989) Johnstone
CNS123 Kodikara (1989) Johnstone
CNS124 Kodikara (1989) Johnstone
CNS125 Kodikara (1989) Johnstone
CNS126 Kodikara (1989) Johnstone
CNS127 Kodikara (1989) Johnstone
CNS128 Kodikara (1989) Johnstone
CNS129 Kodikara (1989) Johnstone
CNS130 Kodikara (1989) Johnstone
CNS131 Kodikara (1989) Johnstone
CNS132 Kodikara (1989) Johnstone
CNS133 Kodikara (1989) Johnstone
CNS134 Kodikara (1989) Johnstone
CNS135 Kodikara (1989) Johnstone
CNS136 Kodikara (1989) Johnstone
CNS137 Kodikara (1989) Johnstone
CNS138 Kodikara (1989) Johnstone
CNS139 Kodikara (1989) Johnstone
CNS140 Kodikara (1989) Johnstone
CNS141 Kodikara (1989) Johnstone
CNS142 Kodikara (1989) Johnstone
CNS143 Kodikara (1989) Johnstone
CNS144 Kodikara (1989) Johnstone
CNS145 Kodikara (1989) Johnstone
CNS146 Kodikara (1989) Johnstone
CNS147 Kodikara (1989) Johnstone
CNS148 Kodikara (1989) Johnstone
CNS149 Kodikara (1989) Johnstone
CNS150 Kodikara (1989) Johnstone
CNS151 Kodikara (1989) Johnstone
CNS152 Kodikara (1989) Johnstone
CNS153 Kodikara (1989) Johnstone
CNS154 Kodikara (1989) Johnstone
CNS155 Kodikara (1989) Johnstone
CNS156 Kodikara (1989) Johnstone
CNS157 Kodikara (1989) Johnstone
CNS158 Gu (2001) Sandstone
CNS159 Gu (2001) Sandstone



























































































































































9.5 22.5 2.5 6.21 Irregualr triangular
9.5 22.5 2.5 2.5 Irregualr triangular
9.5 22.5 2.5 1.91 Irregualr triangular
9.5 22.5 2.5 9.81 Irregualr triangular
9.5 22.5 5 5.1 Irregualr triangular
9.5 22.5 5 3.6 Irregualr triangular
9.5 22.5 5 6.27 Irregualr triangular
9.5 22.5 5 3.03 Irregualr triangular
9.5 22.5 5 2.41 Irregualr triangular
9.5 22.5 5 1.49 Irregualr triangular
9.5 22.5 7.5 9.5 Irregualr triangular
9.5 22.5 7.5 5.9 Irregualr triangular
9.5 22.5 7.5 4.6 Irregualr triangular
9.5 22.5 7.5 6.6 Irregualr triangular
9.5 22.5 7.5 1.62 Irregualr triangular
6 12.5 4.7 Regular triangular
6 12.5 5.52 Regular triangular
6 12.5 4.9 Regular triangular
6 12.5 6.6 Regular triangular
6 12.5 1 Regular triangular
6 12.5 1.45 Regular triangular
6 12.5 2.5 5.7 Irregualr triangular
6 12.5 2.5 5.45 Irregualr triangular
6 12.5 2.5 4.5 Irregualr triangular
6 12.5 2.5 8.31 Irregualr triangular
6 12.5 2.5 3.12 Irregualr triangular
6 12.5 2.5 2.22 Irregualr triangular
6 12.5 5 6.6 Irregualr triangular
6 12.5 5 8.8 Irregualr triangular
6 12.5 5 4.8 Irregualr triangular
6 12.5 5 4.66 Irregualr triangular
6 12.5 5 2.22 Irregualr triangular
6 12.5 5 3.2 Irregualr triangular
9.5 22.5 2.5 7.1 Irregualr triangular
9.5 22.5 2.5 7.2 Irregualr triangular
9.5 22.5 5 8.6 Irregualr triangular
9.5 22.5 7.5 6.2 Irregualr triangular
16 1.4 5 Regular triangular
16 1.4 5 Regular triangular
16 1.4 5 Regular triangular
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Database ID Reference Rock type
CNS161 Gu (2001) Sandstone
CNS162 Gu (2001) Sandstone
CNS163 Gu (2001) Sandstone
CNS164 Gu (2001) Sandstone
CNS165 Gu (2001) Sandstone
CNS166 Gu (2001) Sandstone
CNS167 Gu (2001) Sandstone
CNS168 Gu (2001) Sandstone
CNS169 Gu (2001) Sandstone
CNS170 Gu (2001) Sandstone
CNS171 Gu (2001) Sandstone
CNS172 Gu (2001) Sandstone
CNS173 Gu (2001) Sandstone
CNS174 Gu (2001) Sandstone
CNS175 Gu (2001) Sandstone
CNS176 Gu (2001) Sandstone
CNS177 Gu (2001) Sandstone
CNS178 Gu (2001) Sandstone
CNS179 Gu (2001) Sandstone
CNS180 Gu (2001) Sandstone
CNS181 Gu (2001) Sandstone
CNS182 Gu (2001) Sandstone
CNS183 Gu (2001) Sandstone
CNS184 Gu (2001) Sandstone
CNS185 Gu (2001) Sandstone
CNS186 Gu (2001) Sandstone
CNS187 Gu (2001) Sandstone
CNS188 Gu (2001) Sandstone
CNS189 Gu (2001) Sandstone
CNS190 Gu (2001) Sandstone
CNS191 Gu (2001) Sandstone
CNS192 Gu (2001) Sandstone
CNS193 Gu (2001) Sandstone
CNS194 Gu (2001) Sandstone
CNS195 Gu (2001) Sandstone
CNS196 Gu (2001) Sandstone
CNS197 Gu (2001) Sandstone
CNS198 Gu (2001) Sandstone
CNS199 Gu (2001) Sandstone
































































































































































































16 1.4 5 Regular triangular
64 5.6 5 Regular triangular
16 1.4 5 Regular triangular
16 1.4 5 Regular triangular
64 5.6 5 Regular triangular
16 2.82 10 Regular triangular
16 2.82 10 Regular triangular
16 2.82 10 Regular triangular
64 11.29 10 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
64 23.29 20 Regular triangular
64 23.29 20 Regular triangular
64 23.29 20 Regular triangular
16 9.24 30 Regular triangular
16 9.24 30 Regular triangular
16 9.24 30 Regular triangular
16 9.24 30 Regular triangular
16 9.24 30 Regular triangular
16 9.24 30 Regular triangular
16 16 45 Regular triangular
16 16 45 Regular triangular









Database ID Reference Rock type
CNS201 Gu (2001) Sandstone
CNS202 Gu (2001) Sandstone
CNS203 Gu (2001) Sandstone
CNS204 Gu (2001) Sandstone
CNS205 Gu (2001) Sandstone
CNS206 Gu (2001) Sandstone
CNS207 Gu (2001) Sandstone
CNS208 Gu (2001) Sandstone
CNS209 Gu (2001) Sandstone
CNS210 Gu (2001) Sandstone
CNS211 Gu (2001) Sandstone
CNS212 Gu (2001) Sandstone
CNS213 Gu (2001) Sandstone
CNS214 Gu (2001) Sandstone
CNS215 Gu (2001) Sandstone
CNS216 Gu (2001) Sandstone
CNS217 Gu (2001) Sandstone
CNS218 Gu (2001) Sandstone
CNS219 Gu (2001) Sandstone
CNS220 Gu (2001) Sandstone
CNS221 Gu (2001) Sandstone
CNS222 Gu (2001) Sandstone
CNS223 Gu (2001) Sandstone
CNS224 Gu (2001) Sandstone
CNS225 Gu (2001) Sandstone
CNS226 Gu (2001) Sandstone
























































































































































16 1.4 5 Regular triangular
16 2.82 10 Regular triangular
16 2.82 10 Regular triangular
16 2.82 10 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular
16 5.82 20 Regular triangular




























Joint dilation at 














1 1 24.5 6 0.67 56.4 0.08 4.8 40 0.72 58.75
2 1 24.5 12 0.86 52.6 0.1 5.5 41.1 10.6 68.18
3 1 24.5 18 1.2 41.8 0.11 6.5 34.7 10.1 35.00
4 1 24.5 36 2.7 36.2 17.5 6.5 34 0.88 25.33
5 2 24.5 6 0.8 50.5 0.14 4.9 38.5 0.95 30.00
6 2 24.5 12 1.25 39.1 0.1 5.8 30.1 0.99 45.29
7 2 24.5 18 1.82 34.4 0.24 6 31 0.82 24.12
8 2 24.5 36 2.2 31.3 0.085 5.8 29 0.64 49.38
9 3 24.5 6 1.55 51.5 0.2 4.8 43.5 0.71 39.44
10 3 24.5 12 1.9 37.8 0.18 6.8 32.3 0.77 8.95
11 3 24.5 18 2.8 34.3 0.35 7 32 0.85 22.50
12 3 24.5 36 3.5 27 0.16 8.2 29.9 0.82 16.00
13 4 24.5 6 1.26 42 0.15 4.8 36.3 0.54 34.17
14 4 24.5 12 1.45 37.5 0.11 6 33.2 0.71 71.00
15 4 24.5 18 1.6 33.5 0.17 7.9 31.3 32.08
16 4 24.5 36 2.2 25.7 0.045 9 29.2 0.58 52.00
17 5 24.5 6 1.3 39.9 0.07 5 35.1 0.36 18.89
18 5 24.5 12 2 41 0.27 6.8 37 0.76 72.67
19 5 24.5 18 1.8 32.3 0.19 7.8 30 0.66 20.00
20 5 24.5 36 2.9 29 0.24 6.7 28.5 0.52 26.92
21 6 24.5 6 0.62 43.7 0.088 4.8 29 0.48 64.38
22 6 24.5 12 0.82 34.5 0.09 6.4 26 0.48 63.33
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Joint dilation at 














23 6 24.5 18 0.9 29.5 0.031 6.5 23.8 0.4 42.86
24 6 24.5 36 1.8 23.3 0.03 7 22.4 0.41 29.33
25 7 24.5 5 0.66 58.7 0.05 4.9 40.9 0.73 92.94
26 7 24.5 10 1.1 44.7 0.16 5.8 34.8 0.82 76.67
27 7 24.5 20 1.35 32.1 0.15 6.8 29.4 0.71 42.67
28 7 24.5 40 2 25.7 0.17 8.8 25.3 0.65 35.71
29 8 24.5 5 0.8 50 0.08 4.9 35.4 0.51 59.44
30 8 24.5 10 1 46 0.084 5.8 35.5 0.58 58.50
31 8 24.5 20 1 32.7 0.065 6.6 31 0.57 46.50
32 8 24.5 40 1.7 25.7 0.11 6.8 27 0.66 20.00
33 9 24.5 6 1.1 35.8 0.065 4.9 36.7 0.34 25.56
34 9 24.5 12 1.3 31.1 0.05 5.7 28.6 0.47 8.89
35 9 24.5 18 1.2 26.5 0.043 7.5 25 0.46 17.00
36 9 24.5 36 1.4 24 0.005 7.6 21.7 0.45 21.33
37 10 24.5 6 1.1 27.3 0.012 4.9 27 0.18 18.50
38 10 24.5 12 1.6 26.2 0.0015 5.7 28 0.22 20.00
39 10 24.5 18 1.3 23.6 0.01 6.4 24 0.19 6.50
40 10 24.5 36 1.3 21 0 7.6 20.8 0.23 26.50
41 11 24.5 6 1.3 22.6 0.034 4.9 21.2 0.13 16.00
42 11 24.5 12 1.4 20.9 0.032 5.8 20 0.14 19.20
43 11 24.5 18 1.7 19.5 0.015 6.3 19 0.11 14.67
44 11 24.5 36 1.3 20.2 0.005 6 18.4 0.11 30.67
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1 Coulson (1970) B1 1 Natural Wet Coarse-grained Grand Coulee Granite
2 Coulson (1970) B1 1 Natural Wet Coarse-grained Grand Coulee Granite
3 Coulson (1970) B1 1 Natural Wet Coarse-grained Grand Coulee Granite
4 Coulson (1970) B1 1 Natural Wet Coarse-grained Grand Coulee Granite
5 Coulson (1970) B1 1 Natural Wet Coarse-grained Grand Coulee Granite
6 Coulson (1970) B1 1 Natural Wet Coarse-grained Grand Coulee Granite
7 Coulson (1970) B1 3 Natural Wet Coarse-grained Grand Coulee Granite
8 Coulson (1970) B1 3 Natural Wet Coarse-grained Grand Coulee Granite
9 Coulson (1970) B1 3 Natural Wet Coarse-grained Grand Coulee Granite
10 Coulson (1970) B1 3 Natural Wet Coarse-grained Grand Coulee Granite
11 Coulson (1970) B1 3 Natural Wet Coarse-grained Grand Coulee Granite
12 Coulson (1970) B1 3 Natural Wet Coarse-grained Grand Coulee Granite
13 Coulson (1970) B1 5 Natural Wet Coarse-grained Grand Coulee Granite
14 Coulson (1970) B1 5 Natural Wet Coarse-grained Grand Coulee Granite
15 Coulson (1970) B1 5 Natural Wet Coarse-grained Grand Coulee Granite
16 Coulson (1970) B1 5 Natural Wet Coarse-grained Grand Coulee Granite
17 Coulson (1970) B1 5 Natural Wet Coarse-grained Grand Coulee Granite
18 Coulson (1970) B1 5 Natural Wet Coarse-grained Grand Coulee Granite
19 Coulson (1970) B1 6 Natural Wet Coarse-grained Grand Coulee Granite
20 Coulson (1970) B1 6 Natural Wet Coarse-grained Grand Coulee Granite
21 Coulson (1970) B1 6 Natural Wet Coarse-grained Grand Coulee Granite
22 Coulson (1970) B1 6 Natural Wet Coarse-grained Grand Coulee Granite
23 Coulson (1970) B1 6 Natural Wet Coarse-grained Grand Coulee Granite
24 Coulson (1970) B1 6 Natural Wet Coarse-grained Grand Coulee Granite
25 Coulson (1970) B1 7 Natural Wet Coarse-grained Grand Coulee Granite
26 Coulson (1970) B1 7 Natural Wet Coarse-grained Grand Coulee Granite
27 Coulson (1970) B1 7 Natural Wet Coarse-grained Grand Coulee Granite
28 Coulson (1970) B1 7 Natural Wet Coarse-grained Grand Coulee Granite
29 Coulson (1970) B1 7 Natural Wet Coarse-grained Grand Coulee Granite
30 Coulson (1970) B1 8 Natural Wet Coarse-grained Grand Coulee Granite
31 Coulson (1970) B1 8 Natural Wet Coarse-grained Grand Coulee Granite
32 Coulson (1970) B1 8 Natural Wet Coarse-grained Grand Coulee Granite
33 Coulson (1970) B1 8 Natural Wet Coarse-grained Grand Coulee Granite
34 Coulson (1970) B1 8 Natural Wet Coarse-grained Grand Coulee Granite


















































































































































































36 Coulson (1970) B2 12 Natural Wet Fine-grained Grand Coulee Granite
37 Coulson (1970) B2 12 Natural Wet Fine-grained Grand Coulee Granite
38 Coulson (1970) B2 12 Natural Wet Fine-grained Grand Coulee Granite
39 Coulson (1970) B2 12 Natural Wet Fine-grained Grand Coulee Granite
40 Coulson (1970) B2 14 Natural Wet Fine-grained Grand Coulee Granite
41 Coulson (1970) B2 14 Natural Wet Fine-grained Grand Coulee Granite
42 Coulson (1970) B2 14 Natural Wet Fine-grained Grand Coulee Granite
43 Coulson (1970) B2 14 Natural Wet Fine-grained Grand Coulee Granite
44 Coulson (1970) B2 14 Natural Wet Fine-grained Grand Coulee Granite
45 Coulson (1970) B2 14 Natural Wet Fine-grained Grand Coulee Granite
46 Coulson (1970) B2 15 Natural Wet Fine-grained Grand Coulee Granite
47 Coulson (1970) B2 15 Natural Wet Fine-grained Grand Coulee Granite
48 Coulson (1970) B2 15 Natural Wet Fine-grained Grand Coulee Granite
49 Coulson (1970) B2 15 Natural Wet Fine-grained Grand Coulee Granite
50 Coulson (1970) B2 15 Natural Wet Fine-grained Grand Coulee Granite
51 Coulson (1970) B3 1 Natural Wet Hackensack siltstone
52 Coulson (1970) B3 2 Natural Wet Hackensack siltstone
53 Coulson (1970) B3 2 Natural Wet Hackensack siltstone
54 Coulson (1970) B3 3 Natural Wet Hackensack siltstone
55 Coulson (1970) B3 3 Natural Wet Hackensack siltstone
56 Coulson (1970) B3 4 Natural Wet Hackensack siltstone
57 Coulson (1970) B3 5 Natural Wet Hackensack siltstone
58 Coulson (1970) B3 6 Natural Wet Hackensack siltstone
59 Coulson (1970) B3 7 Natural Wet Hackensack siltstone
60 Coulson (1970) B3 7 Natural Wet Hackensack siltstone
61 Coulson (1970) B3 8 Natural Wet Hackensack siltstone
62 Coulson (1970) B3 8 Natural Wet Hackensack siltstone
63 Coulson (1970) B3 9 Natural Wet Hackensack siltstone
64 Coulson (1970) B3 9 Natural Wet Hackensack siltstone
65 Coulson (1970) B3 11 Natural Wet Hackensack siltstone
66 Coulson (1970) B3 11 Natural Wet Hackensack siltstone
67 Coulson (1970) B3 12 Natural Wet Hackensack siltstone
68 Coulson (1970) B3 12 Natural Wet Hackensack siltstone
69 Coulson (1970) B3 13 Natural Wet Hackensack siltstone


















































































































































































71 Coulson (1970) B3 14 Natural Wet Hackensack siltstone
72 Coulson (1970) B3 14 Natural Wet Hackensack siltstone
73 Coulson (1970) B3 15 Natural Wet Hackensack siltstone
74 Coulson (1970) B3 15 Natural Wet Hackensack siltstone
75 Coulson (1970) B3 16 Natural Wet Hackensack siltstone
76 Coulson (1970) B3 16 Natural Wet Hackensack siltstone
77 Coulson (1970) B3 16 Natural Wet Hackensack siltstone
78 Coulson (1970) B3 17 Natural Wet Hackensack siltstone
79 Coulson (1970) B3 18 Natural Wet Hackensack siltstone
80 Coulson (1970) B3 18 Natural Wet Hackensack siltstone
81 Coulson (1970) B3 19 Natural Wet Hackensack siltstone
82 Coulson (1970) B3 19 Natural Wet Hackensack siltstone
83 Coulson (1970) B3 20 Natural Wet Hackensack siltstone
84 Coulson (1970) B3 20 Natural Wet Hackensack siltstone
85 Coulson (1970) B3 20 Natural Wet Hackensack siltstone
86 Coulson (1970) B3 20 Natural Wet Hackensack siltstone
87 Coulson (1970) B3 21 Natural Wet Hackensack siltstone
88 Coulson (1970) B3 23 Natural Wet Hackensack siltstone
89 Coulson (1970) B3 23 Natural Wet Hackensack siltstone
90 Coulson (1970) B3 24 Natural Wet Hackensack siltstone
91 Coulson (1970) B3 24 Natural Wet Hackensack siltstone
92 Coulson (1970) B3 24 Natural Wet Hackensack siltstone
93 Coulson (1970) B4 7 Natural Gray Caseyville shale
94 Coulson (1970) B4 8 Natural Gray Caseyville shale
95 Coulson (1970) B4 10 Natural Gray Caseyville shale
96 Coulson (1970) B4 13 Natural Gray Caseyville shale
97 Coulson (1970) B4 14 Natural Gray Caseyville shale
98 Coulson (1970) B4 15 Natural Gray Caseyville shale
99 Coulson (1970) B4 16 Natural Gray Caseyville shale
100 Coulson (1970) B4 17 Natural Gray Caseyville shale
101 Coulson (1970) B4 19 Natural Gray Caseyville shale
102 Coulson (1970) B4 20 Natural Gray Caseyville shale
103 Coulson (1970) B5 1 Natural Black Caseyville shale
104 Coulson (1970) B5 2 Natural Black Caseyville shale


















































































































































































106 Coulson (1970) B5 4 Natural Black Caseyville shale
107 Coulson (1970) B5 5 Natural Black Caseyville shale
108 Coulson (1970) B5 6 Natural Black Caseyville shale
109 Coulson (1970) B5 9 Natural Black Caseyville shale
110 Coulson (1970) B5 11 Natural Black Caseyville shale
111 Coulson (1970) B5 12 Natural Black Caseyville shale
112 Coulson (1970) B5 18 Natural Black Caseyville shale




























































Figure 4.1 Idealized side shear behavior of drilled shaft in soft rock (figure reproduced from 









Figure 4.2 Constant normal stiffness (CNS) direct shear test set up (figure reproduced from 

















Figure 4.3b Rock joint shear strength theories: Patton (1966) model. All strength 



















Figure 4.4 Sliding mechanism proposed by Johnston and Lam (1989) (figure reproduced 









































Figure 4.8 Generation of a fractal profile using the mid-point displacement technique (figure 






Figure 4.9 Variation of initial shear stiffness in CNS direct shear tests with different 










Figure 4.10 Variation of initial stiffness in traditional direct shear tests on rock/rock joints 










Figure 4.11 Comparison of initial shear stiffness from constant normal stiffness and constant 
normal stress direct shear tests (all data from literature. Constant normal stress DS 
data from Bandis, 1980 and constant normal stiffness DS data from Williams, 









Figure 4.12 Comparison of initial shear stiffness from constant normal stiffness and constant 
normal stress direct shear tests (all data from literature. Constant normal stress DS 
data from Bandis, 1980 and constant normal stiffness DS data from Williams, 







Figure 4.13 Variation of peak shear stress in CNS direct shear tests with different parameters 







Figure 4.14 Variation of peak shear stress in constant normal stiffness (CNS) direct shear 
(DS) tests with normal stress at failure for profiles with fractal, irregular 
triangular and regular triangular roughness patterns (Data from Williams, 1980; 
Kodikara, 1989; Seidel, 1993; Gu, 2001) and similar test results from Coulson 








Figure 4.15 Variation of peak shear stress in constant normal stiffness (CNS) direct shear 
(DS) tests with asperity angle for profiles with fractal, irregular triangular and 
regular triangular roughness patterns (data from Williams, 1980; Kodikara, 1989; 
Seidel, 1993; Gu, 2001) and similar test results from Coulson (1970) in constant 









Figure 4.16 Variation of peak friction coefficient (µJ = fsp/σ'np) in constant normal stiffness 
(CNS) direct shear tests with asperity angle for profiles with fractal, irregular 
triangular and regular triangular roughness patterns (data from Williams, 1980; 
Kodikara, 1989; Seidel, 1993; Gu, 2001) and similar test results from Coulson 












Figure 4.17 Variation of the ratio of peak shear stress to the corresponding normal stress (µJ = 







Figure 4.18 Variation of the change in normal stress at failure in constant normal stiffness 
(CNS) direct shear tests with different parameters for profiles with fractal, 
irregular triangular and regular triangular roughness patterns (all data from 






Figure 4.19 Variation of the interface dilation at the onset of mobilization of peak shear stress 
in the constant normal stiffness (CNS) direct shear (DS) tests with different 
parameters for profiles with fractal roughness, irregular triangular roughness and 
regular triangular roughness patterns (all data from literature. All data from 






Figure 4.20 Variation of the brittle index (IB) in constant normal stiffness (CNS) direct shear 
tests with different parameters for profiles with fractal, irregular triangular and 
regular triangular roughness patterns (all data from literature. All data from 






Figure 4.21 Variation of the normalized brittle index (IB/fsp) in CNS direct shear tests with 
different parameters for profiles with fractal, irregular triangular and regular 
triangular roughness patterns (all data from Williams, 1980; Kodikara, 1989; 








Figure 4.22 Variation of the ratio of the ultimate shear stress to peak shear stress (fsu/fsp) with 
post-peak shear displacement (zpp) in constant normal stiffness (CNS) direct shear 
tests (all data from Williams, 1980; Kodikara, 1989; Seidel, 1993; Gu, 2001) 









Figure 4.23 Variation of the ratio of the ultimate shear stress to peak shear stress (fsu/fsp) with 
asperity angle (i) in constant normal stiffness (CNS) direct shear tests (all data 
from Williams, 1980; Kodikara, 1989; Seidel, 1993; Gu, 2001) compared to data 








Figure 4.24 Variation of the ratio of the ultimate shear stress to peak shear stress (fsu/fsp) with 
normal stress at peak shear stress (σ'np) in constant normal stiffness (CNS) direct 
shear tests (all data from Williams, 1980; Kodikara, 1989; Seidel, 1993; Gu, 
2001) compared to data obtained from Coulson (1970) in constant normal stress 







Figure 4.25 Variation of the ratio of normal stress from ultimate condition to peak condition 
in CNS direct shear tests with different parameters for profiles with fractal, 
irregular triangular and regular triangular roughness patterns (all data from 








Figure 4.26 Variation of the peak shear stress with normal stress in constant normal stiffness 
(CNS) direct shear tests for profiles with fractal, irregular triangular and regular 
triangular roughness patterns (all data from Williams, 1980; Kodikara, 1989; 







Figure 4.27 Typical failure envelope from direct shear test on rough surfaces (reproduced 







Figure 4.28 Comparison of measured and predicted shear displacement at peak condition in 
constant normal stiffness (CNS) direct shear tests for profiles with fractal, 
irregular triangular and regular triangular roughness (all data from Williams, 






Figure 4.29 Comparison of measured and predicted normal stress at peak condition in CNS 
direct shear tests for profiles with fractal, irregular triangular and regular 







Figure 4.30 Comparison of measured and predicted peak shear stress (fsp) for the soft shear 
surfaces in drilled shafts. Predicted values of fsp are obtained using the model of 
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STRENGTH AND DEFORMATIONAL PROPERTIES 
OF SOFT ROCK MASS 
 
5.1 Introduction 
Deere et al. (1966) wrote, “the engineering properties assumed for the material will 
strongly affect the final design of the rock structure. The design and prediction of engineering 
behavior will be no better than the material properties used in the equation relating load and 
deformation properties.” Marachi et al. (1972) wrote that “no stability analysis, regardless of 
how intricate and theoretically exact it may be, can be useful for design if an incorrect estimation 
of shearing strength of construction material has been made.” Engineering properties of soft 
rocks are used in the predictive design models for side and tip resistance of drilled shafts in soft 
rock mass that will be introduced in the subsequent chapters of this thesis. Site-specific rock 
engineering properties are not often available during the preliminary design phase of structures 
constructed on or into the rock mass. Therefore, predictive models are widely used in initial 
stage of the design for prediction of the engineering properties of soft rock. Current predictive 
models are empirical and site-specific (e.g., Abu-Hejleh et al., 2003 developed a relationship 
between Standard Penetration Test results, i.e., SPT N-value, and unconfined compressive 
strength, qu, for soil-like claystone in Colorado, U.S.A.). Rock properties vary with mineralogy, 
geological history and structural features of each rock formation. Therefore, the empirical 




In the subsequent sections of this chapter, the intact and mass properties of soft rock are 
examined. Emphasis is placed on the strength and deformational properties of rock mass that are 
often needed in the evaluation of strength and serviceability limit states in a probabilistic limit 
state design approach for drilled shafts in soft rock. A large database of rock properties pertinent 
to design of drilled shafts in soft rock masses is introduced. All data are obtained from published 
literature and are reported in Appendix D. The variations of rock strength and deformational 
properties with different indices of rock mass are discussed. The collected data for the properties 
of soft rocks are used to evaluate the existing predictive models. Recommendations are provided 
for the prediction of soft rock engineering properties for design of drilled shafts in soft rock 
masses. 
 
5.2 Definition of Soft Rock Mass 
“The earth’s long history includes countless cycles where rocks have been created and 
destructed” (Goodman, 1993). Physical and chemical weathering disintegrates the freshly formed 
rocks into rock fragments and minerals. The disintegrated rock fragments and minerals are 
transported by natural means, redeposited, cemented and form the new rocks. Terzaghi et al. 
(1996) defines rock as “natural aggregate of minerals that are connected by strong and permanent 
bonds.” Pells et al. (2017) and BS EN ISO 14688-2:2004 define rock “as having substance 
strength of greater than 0.6 MPa.” The rock mass is a system consisting of intact rock material 
and the individual discontinuity surfaces (i.e., bedding planes, joints, shear planes and faults) 
(Hoek, 1983; Singh and Rao, 2005). The intact rock refers to the “unfractured blocks which 
occur between structural discontinuities in a typical rock mass” (Hoek, 1983). The 
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discontinuities include “fold structures, joints, faults, shears and slickensided surfaces” 
(Goodman, 1993; Terzaghi et al., 1996). 
Rock consistency is often defined based on the “degree of rock induration” (Cepeda-
Diaz, 1987) and cementation. The degree of cementation and bonding is important and affects 
the behavior of drilled shafts in rock masses. For example, Stanton et al. (2017) showed that the 
side resistance of drilled shafts in Las Vegas soils increases sharply as the fraction of Caliche 
(i.e., cemented sandy soil, Stanton et al., 2017) increases. Therefore it is important that an index 
be used to distinguish between the degree of cementation and induration of rocks and further to 
distinguish between unweathered rocks and those that have been rendered more compressible as 
a result of weathering and softening that results from stress relief and increase in water content. 
Rocks are commonly separated into “very soft, soft and hard rocks” (Cepeda-Diaz, 1987). 
The main focus of this study is on the response of soft rocks when subjected to loads that 
are applied by drilled shaft foundations. Soft rocks are developed as a result of “erosion, stress 
relief [reduction on vertical effective stress], opening of joints and fissures and increase in water 
content” (Skempton and Hutchinson, 1969; Mesri and Shahien, 2003). Soft rocks are often 
associated with poor bonds between their constituent materials (Nassif, 2003). The strength and 
deformability of rock is directly related to its porosity and degree of cementation or induration 
(Cepeda-Diaz, 1987). As the depth of embedment and age of rock material increase, the porosity 
will decrease and thus the rock mass becomes stronger. The source of porosity could be the 
presence of gas bubbles for the case of volcanic rocks and hollow skeleton of microscopic 
animals in chalks and other calcareous rocks (Goodman, 1980). Weathering leads to generation 
of fissures in rocks and is an important source of porosity in limestone and evaporates. Strength 
and porosity of rock can be inferred from its unconfined compressive strength. Cepeda-Diaz 
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(1987) related the degree of induration of the rock to the unconfined compressive strength of the 
intact rock. Cepeda-Diaz (1987) defines a soft rock as that having an unconfined compressive 
strength (qu) of 2.4 to 38.3 MPa. The Geological Society of London (1970) introduces a 
classification system for the rocks that is based on unconfined compressive strength (qu) of rock. 
According to this classification that is summarized in Table 5.1, any geomaterial with an 
unconfined compressive strength (qu) less than 12.5 MPa is considered a soft rock. Barton et al. 
(1978) defines any rock material with an unconfined compressive strength (qu) less than 25 MPa 
as extremely soft to soft rock. Coates (1964), Coates and Parsons (1966) and Kanji (2014) 
describe a soft rock as a rock with an upper bound unconfined compressive strength (qu) between 
25 to 30 MPa. Rowe and Armitage (1987) defined soft rock as that having an unconfined 
compressive strength (qu) of less than 30 MPa. The above discussion shows that different 
authorities have somewhat different definitions of soft rock, however, the ranges of unconfined 
compressive strength cited by different investigators may be used to identify soft rocks for this 
study. Based on the above discussion, a range of compressive strength between 0.5 (that is also 
the lowerbound of Intermediate Geomaterial that was introduced by O’Neill et al., 1996) to 30 
MPa may be used in the development of a definition for soft rocks. 
The rock mass behavior, however, is governed by both the intact rock blocks and 
discontinuity surfaces that separate the intact blocks. Therefore, a proper definition of soft rock 
mass should also quantify the degree of jointing and the extent to which the joints are altered by 
chemical or physical weathering. According to Bieniawski (1976), a rock mass with Rock Mass 
Rating (RMR) of less than 60 can be considered fair to poor quality rock mass. Hoek and Brown 
(1997) state that a rock mass with a Geological Strength Index (GSI) of less than 60 to 70 will 
“have a very blocky structure and smooth and moderately altered joints surfaces.” 
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The soft rock mass in this study is, therefore, defined as that having unconfined 
compressive strength (qu) between 0.5 to 30 MPa and a Geological Strength Index (GSI) of 60 to 
70 and less. It is noted that the GSI is used to indicate the condition of the rock mass because it 
can be readily determined in the field and its use is less involved than other rock mass 
classification systems such rock mass rating (RMR). 
 
5.3 Mineralogy and Structure of Soft Rocks 
It has been suggested in the technical literature that different rock types exhibit different 
mechanical behavior and their response to loading is different depending on their mineralogy, 
geological history and degree of cementation or diagenesis. Therefore, an understanding of the 
mineralogy and geological history of the rocks is a prerequisite to the understanding of the 
mechanical behavior and engineering properties of these geomaterial. In the next sections, a 
review of different rock types is presented and their general properties are discussed from an 
engineering geology standpoint. These discussions are based on Goodman (1993). 
 
5.3.1 Sandstone 
Sandstones are referred to rocks that mainly consist of particles with grains sizes ranging 
from 0.06 mm to 2 mm. Goodman (1993) subdivides the sandstones into “mature and immature” 
sandstones. As the number of the cycles of erosion and deposition increases, the softer and less 
stable minerals are lost. Sandstones that consist of these residual minerals are called mature 
sandstones that are more resistive to the chemical weathering. These rocks are more uniformly 
graded and are expected to exhibit smaller shear strength and stiffness. 
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According to Goodman (1993), “the strength of sandstones is mainly a function of the 
digenetic bonding between the sand grains. Therefore, sandstones are further divided into those 
with less than 15% detrital matrix (i.e., clastic portion of the finer material in the pores of the 
sandstone) and those with more than 15% detrital matrix.” When the detrital matrix exceeds 
15%, the sandstone is called graywacke and when the detrital matrix is less than 15%, the 
sandstone is called arenite (Goodman, 1993). 
 
5.3.2 Shale and mudstone 
Argillaceous rocks are commonly formed by deposition of fine-grained materials (i.e., silt 
and clay particles) in lakes and other marine environments sufficiently calm to allow clay and 
silt-sized particles drop out of suspension (Goodman, 1993). It is often very unusual to observe 
pure deposits of silt and/or clay. The minerals that form the argillaceous rocks are supplied by “i) 
sediments that are eroded from weathered rocks and ii) those that are precipitated from the 
seawater or other marine environments” (Goodman, 1993). The material building shale and 
mudstones are similar. Shales tend to break along very thin layers and this property is referred to 
as fissility (Goodman, 1993; Terzaghi et al., 1996). Mudstones, on the other hand, are not fissile 
but are bedded and breakout from the rock mass in the shape of a spherical surfaces and this 
nonfissil nature of mudstones indicates that these rocks are commonly calcareous or siliceous 
(Goodman, 1993). 
 
5.3.3 Carbonate (soluble) rocks 
Soluble rocks refer to geomaterials that dissolve in acidic solutions (e.g., hydrochloric 
acid). These include limestone, chalk and dolostone. The main constituents of these rocks are 
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Goodman (1993) describes limestone as ‘rocks that are mainly composed of calcite or 
dolomite minerals.’ Fairbridge et al. (1967) describes the limestone as ‘a rock that has more than 
50% carbonate minerals in its structure.’ Limestone is commonly white, gray to dark gray and 
the limestone becomes lighter in color as the coarseness of its grains increases (Fairbridge et al., 
1967). Limestones are formed by three different mechanisms (Sanders and Friedman, 1967): “i) 
precipitation of the calcium carbonate in an initially stony condition, ii) lithfication of calcium 
carbonate sediments and iii) replacement of calcium sulfate or quartz by calcium carbonate.” 
Pure limestones are very rare and natural deposits of limestone often consist of argillaceous (i.e., 
consisting of or containing clay) sandy material. As the percentage of clay minerals in the 
limestone mass increases, the mass may be referred to as a “calcareous shale or calcareous 
mudstone.” As the proportion of coarse-grained material (i.e., sand-sized particles) in the 
limestone mass increases, the rock mass may be referred to as “sandy limestone.” In geologic 
terms, limestones are subdivided into three subgroups (Goodman, 1993): “i) Biochemical 
limestones form by the in-place accumulation of remains of living organisms on the bottom of 
sea or ocean floors, ii) the second group, the Chemical limestones, are formed by precipitation of 
calcite minerals from saturated lakes, oceans and seas and iii) the third group of limestones, the 
detrital limestones, are formed by transportation and deposition of shells and remains of living 





A chalk formation may be described as follows (after Goodman, 1993): ‘chalk is a white, 
porous and friable calcareous rock. Chalk formations are often massive and consist of shale 
layers. Joints and fissures sometimes observed in the chalk formations. Chalk deposits are 
formed by accumulation of shells and plates of calcareous algae in a matrix of illite of 
montmorilonite. When the chalk formation consists of more than 95% calcite and some clay, it is 




Friedman and Sanders (1967) described the dolostone as follows: ‘dolostone or dolomite 
is a recrystallized limestone that has more than 90% dolomite mineral in it. Dolomite is less 
soluble than limestone or other soluble rocks. Because dolostones are very close in appearance to 
limestones, it is commonly difficult to distinguish between these two types of rock. Dolostones 
can form by cementation of dolomite or calcium carbonate particles. Dolostones also form by 
replacement of calcium carbonate sediments in limestones (Friedman and Sanders, 1967). The 
particles that are cemented to form the dolostones can be subdivided into two major categories 
(after Friedman and Sanders, 1967): “i) first-cycle dolomite particles consist of rhombs of 
varying size. These particles have precipitated directly out of sea water or have formed in the sea 
water by replacement of aragonite or they may have grown around the calcium carbonate 
sediments and ii) recycled dolomite grains that are formed by the fragmentation and 




5.4 Structural Features of Rock Mass 
The strength and deformational properties of soft rock mass and the response of soft rock 
mass to the applied loads are governed by the properties of intact rock blocks and the 
discontinuities within the rock mass. According to Bieniawski (1974), the shear strength of any 
given rock mass is a function of six parameters: i) unconfined compressive strength of intact 
rock (qu), ii) the Rock Quality Designation (RQD), iii) spacing of discontinuities, iv) orientation 
of discontinuities, v) condition of discontinuities and vi) ground water inflow. Therefore, a 
number of rock mass classification systems have been proposed in the literature to quantify the 
effect of rock discontinuities on the in situ behavior of rock masses (e.g., Rock Quality 
Designation, Geomechnics classification and Q-system). These systems have been described in 
detail in the published literature. However, for completeness, a brief discussion of these 
classification systems is included after the presentation of the various structural features in rock 
mass. 
 
5.4.1 Rock mass discontinuities 
Deformations occur at the points of stress concentration in the ground (Goodman, 1980, 
1993). These points of stress concentration often take place where “crustal planes collide or 
shear past each other or at location[s] where subsidence or uplift occurs” (Goodman, 1980, 
1993). Deformations that lead to ‘bending of the rock strata’ produce folded structures, 
deformations that cause “extension fracture” in the rock layers produces joints and “shearing” of 
the crustal plates with respect to one another produces faults (Goodman, 1993). 
Most sedimentary rocks have been deposited in horizontal layers at the bottom of oceans 
and lakes by precipitation of clay- or silt-size particles our of water. A careful observation of 
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these rock masses in the field, however, reveals the fact that these structures contain randomly 
oriented synclines and anticlines due to deformations and stresses that were present after or 
during their deposition (Goodman, 1993; Bridge and Demicco, 2008). These deformational 
features are referred to as folds. Folds are important in that they can change the mechanical 
properties of rocks beyond their intact condition. For example, the process of folding results in 
development of shear planes where extensive shear displacement leads to reduction in the 
shearing strength along these shear planes. Also, fracturing at the points of curvature of the 
bends may results in cracking of the rock that will accelerate the process of weathering 
(Goodman, 1993). Therefore, presence of folds underneath the tip of a drilled shaft in soft rock 
will reduce the bearing capacity of the foundation. This reduction depends on the extent and 
magnitude of the shear deformations caused by folding. 
Deformation and alteration of the sedimentary rocks can also occur by “shearing of the 
crustal plates past one another” (Goodman, 1993). The resulting structures (that include the shear 
surfaces) are referred to as faults. The rock powder that is produced on the fault surfaces ‘can 
easily be altered to clay-rich zones’ (Goodman, 1993). These zones exhibit shearing strengths 
that are often lower than the average shear strength of the rock mass and can introduce problems 
for the design of shallow and deep foundations. The determination of fault shearing strength and 
deformational properties requires fault gouge materials to be obtained and tested in the 
laboratory; a challenging task that is impossible or difficult to accomplish (Goodman, 1980). 
Joints are ‘recurring fracture surfaces that have constant orientation and spacing’ 
(Goodman, 1993). Joints are formed as a result of “shearing or extension of rock layers” 
(Goodman, 1993). Goodman (1993) indicates that the ‘joints that are formed by shearing are 
often closed and exhibit slickensided surfaces that are often associated with low shearing 
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strength while the joints that form by extension of rock layers often have rough surfaces and 
measurable apertures.’ The presence of joints will facilitate the movement of water in the rock 
mass and will accelerate the weathering process which has unfavorable consequences from the 
engineering standpoint for design of drilled shafts in soft rock masses. 
 
5.4.2 Quantification of condition of rock masses 
The rock mass discontinuities (e.g., joints, fissures, bedding planes, faults and folds) and 
their frequency affect the strength and the deformational properties of rock mass. Therefore, the 
in situ properties of the rock mass should be evaluated to allow the designer to account for 
deviation of rock mass properties from that of the intact rock. The technical literature offers 
methods (e.g., RQD, RMR and GSI systems) that can be used to quantify effect of 
discontinuities on the rock mass behavior. These numerical measures of the rock mass in situ 
condition have been widely related to the measures of strength and deformability of the rock 
masses. Such correlations are widely used in design of drilled shafts. In the subsequent sections, 
a brief discussion of the methods that are used for quantification and rating of rock mass 
condition (i.e., quality and blockyness) is presented. 
Rock Quality Designation (RQD) was developed by Deere and his colleagues at the 
University of Illinois at Urbana-Champaign and was published by Deere et al. (1967). The RQD 
is a modified rock core recovery percentage that is obtained by adding lengths of all of the sound 
rock core pieces that are longer than 100 mm and dividing this sum by the rock core run (Deere 
and Deere, 1989). The word “sound” may be interpreted as a rock “which has sufficient strength 
to resist hand breakage” (Pells et al., 2017). The RQD method was developed based on NX-size 
rock cores and thus this minimum size must be used if the rock cores are to be used for 
determination of rock quality index. Deere also recommends a double-core barrel for obtaining 
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the rock cores to further improve the quality of core drilling. Deere and Deere (1989) suggests 
this minimum rock core size restriction should be adopted to “discourage” engineers from using 
small diameter cores that lead to excessive rock core mechanical breakage. The rock core pieces 
that are separated by the mechanical breakage must be put together and counted as one piece. 
Therefore, the geologist in charge of logging of the cores must be able to distinguish between the 
natural discontinuities and the fresh mechanical breakages. ‘Rocks such as shale and claystone 
that have a tendency for breaking up into small pieces with time as a result of slaking and stress 
relief should be logged on site and immediately after they are extracted’ (Pells et al., 2017). 
Otherwise, the RQD that is calculated for such rocks will not be representative of the in situ 
conditions. In practice, however, the exact definition of RQD as introduced by Deere is not 
followed completely which leads to significant error in the resulting values of RQD (Pells et al., 
2017). 
The Rock Quality Designation (RQD), however, can only quantify the frequency of 
jointing in the rock mass and its limitations have been discussed in detail by Pells et al. (2017). 
To address the limitation of the RQD, Bieniawski (1974) proposed the Geomechanics 
Classification system. The Geomechanics classification accounts for the effect of unconfined 
compressive strength (qu), RQD, spacing of joints, orientation of joints, condition of joints and 
ground water inflow. Ratings are assigned to each of these parameters based on the field 
observations. The unconfined compressive strength affects the strength of the rock mass because 
it represents the strength of the intact blocks that make up the rock mass. The condition of joints 
represents the available shear strength of the joints. The shear strength of joints is less than the 
shear strength of the intact rock and thus governs the shear strength of the rock mass. Water flow 
in the rock is representative of the extent of jointing of the rock mass. It also controls the 
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condition of joint surfaces because water flow can accelerate the process of weathering. It must 
be noted that these important factors are missing in the RQD system. 
Geological Strength Index (GSI) was introduced by Hoek in 1994. The method is 
empirical and accounts for i) the blockiness (i.e., structure and degree of rock jointing and 
disintegration) of the rock mass and ii) joint surface conditions. To use the GSI, the designer 
must obtain measures of the blockiness of the rock mass as well as the condition of joints. These 
information can be obtained by mapping the rock outcrops in the road cuts and other similar 
places that the structural features of the rock mass are exposed. 
RMR and GSI classification systems are recommended for classification of the rock 
masses because not only they quantify the jointing frequency in the rock mass but they also 
quantify the condition of rock joints and intact properties of the rock mass. The importance of 
the condition of rock joints is very important it significantly affects the shear strength and 
deformability of the rock mass. It will, however, be noted later in this chapter that the effect of 
secondary structure on the strength and deformational properties of soft rocks is not as severe as 
its effects on the response of stronger rocks to the applied loads. This is because in soft rocks, the 
shearing strength of the intact rock blocks and the discontinuities are not significantly different 
due to stress relief and weathering. Therefore, the rock mass classification systems lose their 
effectiveness in the case of soft rocks. It will be shown in Chapters 10 and 11 that including 
these rock mass indices in design equations will not significantly improve the prediction capacity 




5.5 Soft Rock Properties Databases 
Estimation of the soft rock properties is important because they are needed to use the 
predictive models for side and tip resistance of drilled shafts in soft rock mass. Data on intact and 
mass properties for soft rock have been collected from the published literature. The collected 
data are summarized in several databases and are included in Appendix D. Intact properties 
include friction angle of intact rock (φ'i), unconfined compressive strength of intact rock 
specimen (qu), Poisson’s ratio (ν) and the initial modulus of deformation (Ei). The rock mass 
properties include the Geological Strength Index (GSI), Rock Mass Rating (RMR) and modulus 
of deformation of rock mass (Em). These databases are subdivided based on rock type, namely 
chalk, claystone, granite, limestone, mudstone, pyroclastic rocks, sandstone, shale, siltstone and 
slate. 
The variation of unconfined compressive strength with initial water content is shown in 
Figures 5.1 to 5.3 that shows the unconfined compressive strength of soft rock decreases with 
increase in in situ water content. This behavior is expected because higher water content 
corresponds to larger porosities and thus lower shearing strength. The variation of unconfined 
compressive strength of soft rock and the total unit weight of soft rock is shown in Figures 5.4 
through 5.6 that shows that the unconfined compressive strength of soft rock will increase as the 
total unit weight of soft rock increases. Larger total unit weight corresponds to lower porosities, 
more compaction of the rock substance and thus larger unconfined compressive strength. The 
unconfined compressive strength of soft rock can also be correlated to the Standard Penetration 
test results (e.g., Stroud, 1974; Terzaghi et al., 1996; Abu-Hejleh et al., 2003; Stark et al., 2013). 
Data are collected on Standard Penetration Tests (SPTs) in soft rocks and are shown in Figure 
5.7. As expected, the unconfined compressive strength of soft rock increases with the SPT blow 
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counts (i.e., SPT N-values) or MPST penetration rate that was first introduced for Intermediate 
Geomaterials by Stark et al. (2013).  
The modulus of deformation of soft rock i) is used in calculation of settlement of drilled 
shafts that are subjected to axial loads ii) controls the development of the tip contact pressures 
and iii) controls the dilation and change in the normal stress on the shear surface that forms on 
the perimeter of rock sockets and thus governs the mobilization of the side resistance in drilled 
shafts in soft rock. The modulus of deformation of soft rock can be obtained from the results of 
laboratory triaxial tests, back-analysis of the in situ load tests such as plate load tests, drilled 
shaft load tests using elastic solutions and pressuremeter tests using empirical transformation 
relationships. The intact modulus of deformation is commonly used in design because it is 
commonly available, however, it does not reflect the influence of the secondary structure of the 
rock mass on its deformability. Modulus of deformation of rock mass should be used in design 
because it reflects the mass behavior and not the behavior of the intact rock blocks that are 
separated by the rock discontinuities, however, it is not commonly measured in typical projects. 
The variation of the modulus of deformation of intact rock with the unconfined 
compressive strength (qu) of rock is shown in Figures 5.8 to 5.10 where it is shown that the 
modulus of deformation of rock will increase with the unconfined compressive strength of soft 
rock. It is noted that the scatter in the data in these figures commonly increase as the compressive 
strength of rock increases because the microcracks and fissures govern the behavior of stronger 
rocks. The modulus of deformation of rock mass have been obtained using two different 
methods. In the first approach, the elastic methods (e.g., Goodman, 1980; Pells and Turner, 
1979) have been used to back-calculate the modulus of deformation of rock mass from the 
results of plate load tests that have been collected from the published literature (data from 
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literature, Chern et al., 2004 and presented in Appendix D). Figure 5.11 shows the variation of 
the modulus of deformation of rock mass with unconfined compressive strength of intact rock 
that was obtained from plate load tests. In the second approach, the results of drilled shaft load 
tests in soft rock are used by the Author to back-calculate the modulus of deformation of the rock 
mass using elastic theory (Pells and Turner, 1979). The data for drilled shaft load tests are 
summarized in Appendices A and B. The modulus of deformation of rock mass obtained from 
drilled shaft load tests is plotted as function of unconfined compressive strength in Figure 5.12. 
Modulus of deformation of rock mass is a better index of rock mass deformational 
properties, especially for the stronger rocks where secondary structures dominate their behavior. 
The modulus of deformation of rock mass (Em) is not only a function of the unconfined 
compressive strength of soft rock (qu) but also is expected to be affected by the frequency of 
joints and the conditions of joint surfaces (the dependence on the joints conditions will decrease 
as the rock becomes softer). Therefore, data is collected to study the relationship between the 
measures of rock mass condition (i.e., RMR, RQD and GSI) and rock mass modulus of 
deformation in the case of soft rocks. For this purpose, data are collected on the Rock Mass 
Rating (RMR), Geological Strength Index (GSI) and the modulus of deformation of rock mass 
(see Appendix D). The variation of rock mass modulus and RMR (or equivalently GSI = RMR89 
- 5 after Hoek and Brown, 1997) is shown in Figure 5.13. As can be seen, the scatter of data in 
this figure is not significantly less than the relationship between the unconfined compressive 
strength and rock modulus. This is because RMR and GSI cannot effectively capture the effect of 
secondary structure of the soft rock because the shear strength of intact blocks of rock approach 




5.6 Predictive Methods for Engineering Properties of Rock 
Predictive equations are often used to estimate the rock engineering properties when the 
corresponding measured values are not available. Most of the available predictive methods are 
empirical. The databases that have been used in development of these predictive methods contain 
a mixture of strong and soft rocks with rock types ranging from pyroclastic rocks to argillaceous 
(clay-based) rocks. In the subsequent sections, the performance of the existing methods is 
compared with data available in the databases that are introduced and discussed in the previous 
sections. 
 
5.6.1 Compressive strength of rock 
Shear strength of rock is the most common input to the design equations for drilled shafts 
in soft rock and is often represented by the unconfined compressive strength. Sample preparation 
for the unconfined compression tests is difficult in the case of soft rocks because rock cores are 
often broken and contain numerous fissures or micro-cracks. Therefore, unconfined compressive 
strength is often correlated to the results of other tests that do not call for preparation of 
undisturbed specimens. These tests include Standard Penetration Test (SPT), Modified Standard 
Penetration Tests (MSPT) after Stark et al. (2013), in situ water content and point load test. 
 
5.6.1.1 Correlation with SPT blow counts 
Stroud (1974) compiled a database of shear strength and SPT N-values for stiff clays and 
soft rocks. Terzaghi et al. (1996) added additional SPT data on soft rocks and stiff clays to 
existing database of Stroud and developed a correlation between the ratio of undrained shear 
strength to the corrected SPT N-value and plasticity index (Ip) of stiff clays and soft rocks. The 
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geomaterials used in the database of Terzaghi et al. (1996) include Oxford clay, Kimmeridg clay, 
Upper Lias clay, London clay, Boulder clay, Keuper Marl and Chicago clay. The suggested trend 
for different clay-based geomaterials based on the work of Terzaghi et al. (1996) is shown in 
Figure 5.14. 
Abu-Hejleh et al. (2003) performed tests on soil-like claystone in Denver, Colorado. The 
method of Abu-Hejleh et al. (2003) that is based on a small database, correlates the unconfined 
compressive strength to the measured SPT N-values. Method of Abu-Hejleh et al. (2003) 
indirectly accounts for the effect of rock mineralogy on the compressive strength by only using 
one rock type in their database. The method of Abu-Hejleh et al. is shown below: 
 
qu(kPa) =12.3×NSPT           (5-1) 
 
where qu is the unconfined compressive strength of soil-like claystone and N is the Standard 
Penetration Test blow count for the final 305 mm of penetration. It should be noted that the 
method of Abu-Hejleh et al. (2003) is based on data collected from one site and should be used 
with caution. The method proposed by Terzaghi et al. (1996) and Abu-Hejleh et al. (2003) are 
applicable to stiff clays to very soft rocks where 457 mm (18 in.) of penetration in geomaterial 
can be obtained. In soft rocks, however, the penetration of the split spoon sampler rarely reaches 
457 mm and thus an N-value may not be obtained based on the standard method for interpreting 
SPT results. Therefore, available methods that correlate N-value to qu may not be used for soft 
rocks. A novel approach for interpretation of the SPT results in soft rock mass was originally 
developed in the summer of 2012 at the University of Illinois at Urbana-Champaign and first 
reported in an ICT/FHWA technical report by Stark, Long and Assem (2013) for weak shales in 
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Illinois. The method was proposed to the Illinois Department of Transportation as a part of an 
effort to develop a framework for design of drilled shafts in Illinois weak shales with emphasis 
on shales that fit the definition of O’Neill et al. (1996) for Intermediate Geomaterial. The 2013 
version of this method uses the same equipment that is used in SPT and a plot of penetration 
distance versus MSPT blow counts is developed. An example plot is shown in Figure 5.15 (data 
and plot from Stark et al., 2013, see Appendices of Stark et al., 2013 for the original MSPT data 
that led to development of the method). The inverse of the slope of the final portion of the plot of 
penetration distance and Modified Standard Penetration Test (MSPT) blow counts is called 
“penetration rate” after Stark, Long and Assem (2013). Stark et al. (2013) related the penetration 
rate to the unconfined compressive strength (qu) of weak shales from five sites in Illinois. The 
test data from five Illinois sites that are first reported in Stark, Long and Assem (2013) and are 
the basis for the development of MSPT method and the resulting correlation is shown in Figure 




          (5-2) 
 
where the penetration rate is in units of blows per foot. 
 
5.6.1.2 Correlation with water content 
Water content is related to the porosity of soft rock. As water content increases, the 
porosity of soft rock increases and the compressive strength decreases. It has been shown in the 
literature that a strong correlation exists between the water content and unconfined compressive 
strength of soft rock (e.g., Williams, 1980). Williams (1980) performed unconsolidated 
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undrained (UU) triaxial tests on siltstone from Melbourne area. Williams (1980) test results are 
presented in Appendix D. The following expression describes the average relationship between 
unconfined compressive strength and water content for siltstone in Williams database 
 
w = −3.12 × ln(qu )+13.02          (5-3) 
 
where w is the initial (i.e., in situ) water content of siltstone (in percent) and qu is the unconfined 
compressive strength of soft siltstone in MPa. 
Baycan (1996) performed unconfined compression tests on samples of siltstone that were 
obtained from the Nubrik quarry in Victoria, Australia. Baycan (1996) describes the siltstone as 
slightly to moderately weathered soft rock. The siltstone has a well-defined bedding that dips at 2 
to 6 degrees at the test site. The siltstone contains occasional seams of sandstone that are 5 to 30 
mm thick (Baycan, 1996). Baycan (1996), based on the results of unconfined compression tests, 
proposed the following expression for estimating the unconfined compressive strength from 
initial water content of soft siltstone 
 
log(qu ) = 4.07− 0.063×w          (5-4) 
 
where qu is the unconfined compressive strength of soft siltstone in units of kPa and w is the 
initial water content in percent. Similar to the expression that was developed by Williams (1980), 
this equation is empirical and is based on a limited number of tests in siltstone from only one 
site. Therefore, this method is site-specific. 
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Mesri and Gibala (1971) performed triaxial tests on soft shale specimens that were 
obtained from the Mississippi crossing of Interstate 280 near Rock Island, Illinois. The shale at 
this site is of the Pennsylvanian age. The shale is dark gray to black and shows fissility. The 
correlation suggested by Mesri and Gibala (1971) is for the gray shale that is massive and has 3 
to 6% sand, 58 to 73% silt and 23 to 39% clay. The predictive method based on data presented in 
Mesri and Gibala (1971) is shown below 
 
w = −3.37× ln(qu )+ 8.35          (5-5) 
 
where qu is the compressive strength of soft shale in units of MPa and w is the in situ water 
content (in percent) of shale. 
 
5.6.1.3 Correlation with Point Load Index 
Point load index has been correlated to the unconfined compressive strength (qu) of rock 
and provides a convenient way for prediction of soft rock compressive strength that is an input to 
equations used for design of foundations in soft rock. Deere and Miller (1966) compiled a 
database of rock properties. The rock types in the database include basalt, diabase, dolomite, 
granite, limestone, marble, quartzite, rock salt, sandstone, schist, siltstone and tuff. The 
unconfined compressive strength of rocks in Deere and Miller’s database range from 34 MPa to 
344 MPa. Deere and Miller’s correlation is shown below 
 




where qu is the unconfined compressive strength (qu) of rock in MPa and Is is the point load 
strength of rock specimen. The line of best fit proposed by Deere and Miller (1966) appears to 
have been developed for the stronger rocks in their database. This method may overestimate the 
unconfined compressive strength of soft rocks. 
Bieniawski (1974) reports data from D’Andrea et al. (1965), Broch and Franklin (1972) 
and Bieniawski (1973) on point load strength and unconfined compressive strength of different 
rocks. Rock types in Bieniawski’s database include sandstone, quartzite and norite. Unconfined 
compressive strength of rock in Bieniawski’s database range from 10 MPa to 300 MPa. The 
predictive method proposed by Bieniawski is shown below 
 
qu = 24 × Is(54)            (5-7) 
 
where qu is the unconfined compressive strength of rock and Is(54) is the point load strength of 
rock core specimens that have a diameter of 54 mm. Bieniawski recommends that the unconfined 
compressive strength be determined from point load strength test because unconfined 
compression test often requires sample preparation which becomes a very important limitation 
when working with very soft to moderately soft rocks where good quality and representative 
specimens are rare. 
Goodman (1980) recommends the point load test for determination of unconfined 
compressive strength of rock. Goodman (1980), however, suggests that the point load strength 
becomes inaccurate as the compressive strength of rock decreases. The proposed method of 




qu = 24 × Is(50)            (5-8) 
 
where qu is the unconfined compressive strength of rock and Is(50) is the point load index. 
Lumb (1983) performed tests on samples of granite from Hong Kong area. The granite 
unconfined compressive strength ranges from 2 MPa to 200 MPa. Lumb (1983) proposed the 
following relationship between unconfined compressive strength of rock and point load index 
 
qu = 24 × Is(50)            (5-9) 
 
All parameters in above equation have been defined previously. 
Franklin (1985) presented data on unconfined compressive strength and point load index. 
The rock types in the database are not known. The unconfined compressive strength of rocks in 
the database range from 10 MPa to 250 MPa. Franklin proposed the following expression for 
estimation of unconfined compressive strength from results of point load test 
 
qu = 22 × Is(50)            (5-10) 
 
where qu is the unconfined compressive strength in MPa and Is(50) is the point load index in the 
same units as the unconfined compressive strength. Franklin points out that the constant relating 
the unconfined compressive strength to the point load index can range from 15 to 50 and thus the 
estimation of unconfined compressive strength using this method could result in errors of as 
large as 100%. 
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Leung and Radhakrishnan (1990) developed a relationship between the point load index 
and the unconfined compressive strength of very soft to moderately strong rock. The rocks in 
their database include slightly weathered and fractured sandstone, siltstone and shaley mudstone. 
The RQD values for these rocks ranged from 0% to 85% and the unconfined compressive 
strength ranged from 0.2 to 20 MPa. Leung and Radhakrishnan (1990) proposed the following 
expression for estimating the unconfined compressive strength of very soft to moderately strong 
rocks 
 
qu = 6.12 × Is(50)           (5-11) 
 
where qu is the unconfined compressive strength of soft to moderately strong rock and Is(50) is the 
point load index. 
Kahraman (2014) tests were on block samples from the Cappadocian Volcanic Province 
that is located in the central Anatolia. The rock types in Khraman’s tests were pyroclastic rocks 
that were all obtained from 32 sites within the Cappadocian Volcanic Province. The average 
unconfined compressive strength of rock in Kahraman’s database ranges from 1.4 MPa to 34.9 
MPa. Kahraman performed tests on dry and saturated rock specimens. Kahraman proposed the 
following relationship between unconfined compressive strength and point load index of the 
pyroclastic rocks in his database 
 
qu =1.99 × e




where qu is the unconfined compressive strength of pyroclastic rock in units of MPa and Is is the 
point load index in units of MPa. 
 
5.6.2 Deformability 
Goodman (1980) defines deformability as “the capacity of rock to strain under the 
applied loads” from foundations or other structures. The most widely used measure of 
deformability of rock is the modulus of deformation, E. The term “modulus of deformation” is 
adopted in this thesis in place of “modulus of elasticity” because observation of the in situ load 
tests on soft rocks shows that “none of the tests indicated any elastic rebound during the 
unloading cycle” (Couetdic and Barron, 1975) when data on the unloading cycle were available. 
The intact modulus of deformation of rock can be calculated from the results of triaxial tests on 
intact rock specimens (i.e., slope of initial portion of stress-strain plot). Modulus of deformation 
of rock mass is more relevant to design of rock sockets than intact modulus because it accounts 
for the influence of fissures, joints and other kinds of discontinuities in a rock mass behavior. 
The modulus of deformation of rock mass may be obtained from the results of plate load tests, 
borehole and gallery tests, radial jacking tests and flat jack tests (Goodman, 1980). 
 
5.6.2.1 Modulus of deformation of intact rock 
Deere (1968) defines intact rock as “rock material that can be sampled and tested in the 
laboratory and that is free from larger scale structural features such as joints and bedding 
planes.” Deere and Miller (1966) presents relationships between unconfined compressive 
strength and modulus of deformation of intact rock. Deere and Miller showed that the ratio of 
modulus of deformation to unconfined compressive strength of relatively intact specimens of 
324
 
diabase, granite and basalt ranges from 200 to 500. Deere and Miller’s average relationship for 
these rocks is shown below 
 
Ei = 350 × qu            (5-13) 
 
where Ei is the modulus of deformation of intact rock specimens and qu is the unconfined 
compressive strength of rock. The unconfined compressive strength in Deere and Miller’s 
database (for diabase, granite and basalt) ranges from 6.9 MPa to 413.7 MPa. Deere and Miller 
(1966) also investigated the ratio of modulus of deformation to unconfined compressive strength 
for sedimentary rocks. These include limestone, dolomite, sandstone and shale. The 
corresponding ratio for the sedimentary rocks range from 60 to 500. It can be seen that this range 
is larger than that observed for igneous rocks. Deere (1968) attributes this observed wide range 
to the variability in mineralogy and anisotropy in sedimentary rocks. 
Hendron et al. (1970) obtained rock cores from a site near Interstate 280 near Rock River 
juncture, Illinois, U.S.A. The Pennsylvanian rocks tested were gray, silty shale and dark-gray to 
black fissile shale. The liquid limit and the plastic limit for the gray shale are 37% and 22%, 
respectively. The liquid limit and the plastic limit for the black shale are 45% and 26%, 
respectively. The intact undrained modulus of deformation for gray shale can be estimated using 
the following expression 
 




and the undrained modulus of deformation for the black shale can be estimated using the 
following equation 
 
Ei =150 × qu            (5-15) 
 
where Ei is the modulus of deformation of intact rock in units of MPa and qu is the unconfined 
compressive strength in the same units as that of Ei. 
Hoek and Diederichs (2006) reviewed data presented by the Deere (1968) and Palmstrom 
and Singh (2001) and tabulated the ratios of the intact modulus of deformation to the unconfined 
compressive strength for intact rock. The rock types that are included in this study are 
sedimentary, metamorphic and igneous rocks. The corresponding ratios are reproduced from 
Hoek and Diederichs (2006) and shown in Table 5.2. Table 5.2 and the following equation (after 
Hoek and Diederichs, 2006) may be used to estimate the modulus of deformation of the intact 
rock 
 
Ei =MR × qu            (5-16) 
 
where Ei is the modulus of deformation of intact rock, MR is the modulus reduction ratio (after 
Hoek and Diederichs, 2006) and qu is the unconfined compressive strength of rock. Based on 
Table 5.2, ratios of 350, 200 and 600 can be selected for sandstone/siltstone, claystone/shale and 




5.6.2.2 Modulus of deformation of rock mass 
Heuze (1980) suggested, based on comparison of the laboratory and in situ modulus of 
deformation, that “the evidence is overwhelming that laboratory tests on small samples are 
inadequate to measure the deformability of rock masses.” Modulus of deformation of rock mass 
is an important engineering property that is used when deformations in rock mass are calculated 
(Bieniawski, 1978; Hoek and Diederichs, 2006). For example, the axial deformation of a drilled 
shaft in soft rock is important when the serviceability limit state is considered. Axial 
deformations can be estimated using elastic methods. In this case, the rock mass is assumed to be 
an “elastic isotropic material” with elastic properties that correspond to modulus of deformation 
and Poisson’s ratio of rock mass. Because the rock mass contains discontinuities, the intact 
modulus of deformation measured in the laboratory is often not representative of the behavior of 
the rock mass mainly when settlement of foundations in stronger rocks is being calculated. 
Bieniawski (1978) reviewed the results of in situ tests from Elandsberg scheme, 
Drakenbergs scheme, Orange Fish Tunnel, Witbank Coalfield, Le Roux Dam, Dinorwic Scheme 
and Gordon scheme projects. Rock types at these sites are quartzite, slate, dolerite, shale, 
mudstone, siltstone and sandstone. Bieniawski back-calculated the modulus of deformation of 
rock mass for these case histories from the results of in situ tests (i.e., plate bearing test, 
dilatometer tests, flat jacks, pressure chamber tests and tunnel relaxation tests). Bieniawski 
developed a correlation between the rock mass rating and in situ modulus of deformation for 
rocks in his database that is shown below 
 




where Em is the modulus of deformation of rock mass in units of GPa and RMR is the Rock 
Mass Rating that should be obtained in accordance with the Geomechanics Classification system 
(Bieniawski, 1976). 
Serafim and Pereira (1983) reviewed the proposed method of Bieniawski (1978). Serafim 
and Pereira (1983) concluded that Bieniawski’s correlation between Em and RMR is not 
applicable to very poor, poor and fair quality rocks. Therefore, Serafim and Pereira collected 
additional data from Cambambe Dam, Castelo Do Bode Tunnel, Funcho Dam, Ilisu Dam, 
Keddara Dam and Sfiki Dam to improve Bieniawski’s equation. The method of Serafim and 




40            (5-18) 
 
where Em is the modulus of deformation of rock mass in units of GPa and RMR is the Rock 
Mass Rating that should be obtained in accordance with the Geomechanics Classification system 
(Bieniawski, 1976). 
Rowe and Armitage (1984) was interested in estimating the modulus of deformation of 
rock mass for design of drilled shafts in soft rock. They collected a database of axial load tests 
that were conducted on drilled shafts. These drilled shafts were socketed mostly in soft rocks. 
The load test results were analyzed using the elastic method proposed by Pells and Turner (1979) 
to estimate the modulus of deformation of rock mass at each load test site. The rocks in the 
database include sandstone, mudstone, shale, siltstone, chalk and andesite. The average 
unconfined compressive strength of rocks in Rowe and Armitage (1984) database range from 
0.44 MPa to 32 MPa. Rowe and Armitage (1984) developed a relationship between the modulus 
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of deformation of rock mass and the unconfined compressive strength of rock. This relationship 
is shown below 
 
Em = 215× qu           (5-19) 
 
where Em is the modulus of deformation of rock mass in units of MPa and qu is the unconfined 
compressive strength of intact rock material in units of MPa. It should be noted that the 
correlation between Em and qu is provides a crude estimate of Em because there are other factors 
that affect the value of rock mass modulus of deformation (i.e., condition of rock mass and shear 
strength of rock joints) which are not included in the expression proposed by Rowe and 
Armirage (1984). 
Stephens and Banks (1989) performed eight in situ uniaxial jacking tests at the proposed 
site for the Portugues Dam that is located near Ponce, Puerto Rico. The bedrock at the site 
consists of sedimentary rocks of volcanic origin (Stephens and Banks, 1989). Stephens and 
Banks (1989) correlated the measured modulus of deformation of rock mass to the RMR and 
evaluated the method of Serafim and Pereira (1983). Stephens and Banks obtained a reasonable 
match between the observed data and the predictive method proposed by Serafim and Pereira. 
Therefore, they recommended the method of Serafim and Pereira (1983) for estimation of rock 
mass modulus. 
Hoek and Diederichs (2006) reviewed a large database that was collected by Chern et al. 
(2004). The rock types in Chern et al. (2004) database (summarized in Appendix D) include 
sedimentary, igneous and metamorphic rocks from China and Taiwan. The results of flat jack 
and plate load tests were used to back-calculate the modulus of deformation for rock mass. Hoek 
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and Diederichs (2006) developed a correlation between the modulus of deformation of rock mass 
and Geological Strength Index (GSI). The correlation also accounts for the rock disturbance by 
using a rock disturbance factor (Ddist). The proposed equation (after Hoek and Diederichs, 2006) 









        (5-20) 
 
where Em is the modulus of deformation of rock mass in units of MPa, Ddist is a rock disturbance 
factor and GSI is the Geological Strength Index. 
In addition to the predictive equations that are discussed in this section, other researchers 
have proposed similar relationships for estimation of modulus of deformation of rock mass. 
These alternative predictive methods are summarized in Table 5.3. 
 
5.7 Evaluation of Predictive Methods 
The predictive equations that are discussed in the previous sections have not been 
evaluated using a rock mechanics database that pertains to only soft rocks. These predictive 
equations provide important input parameters for the design of drilled shaft foundations in soft 
rock. It is therefore constructive to use the rock mechanics database complied from the published 
literature and reported in Appendix D for gaining insight into the applicability of existing 





5.7.1 Evaluation of shear strength methods 
Terzaghi et al. (1996) and Abu-Hejleh et al. (2003) proposed relationships between the 
shear strength of rock (undrained shear strength from UU tests or unconfined compressive 
strength) and SPT results. Terzaghi et al. (1996) and Abu-Hejleh et al. (2003) methods are 
compared with SPT and unconfined compressive strength data in Figure 5.17. It should be noted 
that SPT and compressive strength data for only two rock types are available (i.e., chalk and 
mudstone). Both methods underestimate the compressive strength of chalk. Both methods 
provide a reasonable estimate of compressive strength of mudstone. 
Mesri and Gibala (1971), Williams (1980) and Baycan (1996) proposed relationships 
between the compressive strength of soft rock and its in situ water content. The predictive 
methods proposed by these researchers are superimposed on the data from the rock mechanics 
database (Appendix D) in Figure 5.18. Methods of Mesri and Gibala (1971) and Williams (1980) 
provide similar predictions for the softer rocks in database. The method of Williams (1980) 
overestimates the compressive strength of the stronger rocks in the database. Baycan (1996) 
gives similar predictions for stronger rocks as that of Mesri and Gibala (1971) and provides an 
upper bound to the predictions of Williams (1980) and Mesri and Gibala (1971) for softer rocks 
in the database. 
Deere and Miller (1966), Bieniawski (1974), Goodman (1980), Lumb (1983), Franklin 
(1985), Leung and Radhakrishnan (1990) and Kahraman (2014) each proposed relationships 
between the unconfined compressive strength and the point load index. These predictive methods 
are compared with point load index data for soft rocks (Appendix D) in Figure 5.19. The method 
of Kahraman (2014) provides the best estimate of the unconfined compressive strength from the 
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point load test data. Other methods evaluated in Figure 5.19 consistently over- or underestimate 
the unconfined compressive strength of soft rock. 
 
5.7.2 Evaluation of modulus of deformation methods 
Modulus of deformation of intact rock is mainly a function of mineralogy of the rock. 
Modulus of deformation of rock mass, however, is governed by the mineralogy and structural 
features of the rock mass. Therefore, to evaluate the available predictive methods for modulus of 
deformation of soft rock, the rock mechanics database (Appendices A and B for rock mass 
modulus back-analyzed from drilled shaft load tests and Appendix D for rock mass modulus 
back-analyzed from plate load tests and intact rock modulus) is divided into intact and mass 
properties. Within each of these of two groups, rocks are further grouped according to their 
mineralogy and geological origin. 
 
5.7.2.1 Intact modulus of deformation 
Data on the intact modulus of deformation for different rock types are plotted versus the 
unconfined compressive strength of intact rock specimen in Figures 5.20 to 5.22. The predictive 
methods for modulus of deformation of intact rock proposed by Deere and Miller (1966), 
Hendron et al. (1970) and Hoek and Diederichs (2006) are superimposed on these plots. The 
predictive equations proposed by Deere and Miller (1966) and Hendron et al. (1970) provide the 
best predictions for claystones, mudstones and shales (Figure 5.20). The predictive methods of 
Deere and Miller (1966) and Hoek and Diederichs (2006) provide upper- and lower bounds to 
the data for sandstones and siltstones. Figure 5.22 shows that the method of Hoek and Diederichs 
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(2006) provides a reasonable estimate for the carbonate rocks (chalk and limestone) in the 
database. 
 
5.7.2.2 Mass modulus of deformation 
Rowe and Armitage (1984) proposed a relationship between the unconfined compressive 
strength and modulus of deformation of rock mass back-calculated from drilled shaft load tests. 
Figures 5.23 to 5.25 show the rock mass modulus from plate load tests versus unconfined 
compressive strength of intact rock. The method of Rowe and Armitage (1984) is also plotted on 
these figures. Figure 5.23 shows that the method of Rowe and Armitage (1984) provides a 
reasonable estimate of the modulus of deformation of rock mass for claystone, mudstone and 
shale. This method, however, overestimates the mass modulus of claystone, mudstone and shale 
when the unconfined compressive strength is less than 0.5 MPa. Figure 5.24 shows that similar 
observations can be made in relation to the applicability of the method of Rowe and Armitage 
(1984) to sandstone and siltstone. Figure 5.25 shows that the method of Rowe and Armitage 
(1984) underestimates the rock mass modulus for igneous and carbonate rocks. The lower value 
of the unconfined compressive strength (qu < 0.5 MPa) could correspond to defective specimens 
that have undergone premature failure in the unconfined compression tests. However, these 
particular tests were not removed from the analysis because no solid information is available that 
suggests these data points are outliers. 
The modulus of deformation for different soft rocks is back-calculated by the Author 
using databases of drilled shaft load tests in soft rock (load test databases in Appendices A and 
B: 192 drilled shaft load tests where tip resistance is measured and 317 drilled shaft where side 
resistance is measured). These drilled shafts are instrumented and thus contact pressure and 
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displacement at the tip of drilled shaft and shear stress and shear displacement on the side of rock 
sockets are directly estimated. The variation of modulus of deformation of rock mass with 
unconfined compressive strength of intact rock (data from load test databases in Appendices A 
and B) is shown on in Figure 5.26. The method of Rowe and Armitage is also superimposed on 
Figure 5.26. It can be observed that this method provides a reasonable estimate of rock mass 
modulus for stronger rocks in this database, however, it overestimates the rock mass modulus for 
softer rocks. This conclusion is consistent with the knowledge that was gained from the study of 
the results of plate load test data that are shown in Figures 5.23 to 5.25. 
Rock mechanics database summarized in Appendix D also includes information on 
modulus of rock mass and Rock Mass Rating (RMR) and Geological Strength Index (GSI). The 
rock mass modulus obtained from analysis of plate load tests is plotted versus GSI in Figure 
5.27. This figure shows that the method of Bieniawski (1978) and Serafim and Pereira (1983) 
provide an upper bound to the data. The method of Hoek and Diederichs (2006) is the best 
relationship for prediction of modulus of deformation of rock mass from its RMR (or 
equivalently GSI). 
 
5.8 State of Stress in Rock Mass 
Knowledge of the in situ stresses in rock mass is essential for successful construction of 
underground structures (e.g., drilled shafts) and for prediction of their performance. The existing 
stresses in rock mass result from superposition of “induced” and “natural” stresses (Lindner and 
Halpern, 1978). Induced stresses are those that are generated by such activities as construction of 
building structures followed by removal or addition of overburden soil or rock (Lindner and 
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Halpern, 1978). The resultant natural stresses result from the superposition of three distinct 
sources, namely gravitational, residual and tectonic stresses. These stresses are defined below: 
 
1. Gravitational stresses are those that are caused by the mass of the overburden soil or rock 
(Lindner and Halpern, 1978). 
2. Residual stresses are the stresses that remain in the rock if all external loads are removed 
(Lindner and Halpern, 1978). 
3. Tectonic stresses are those that are the result of present-day or ancient tectonic activities.  
Tectonics are the sum of the processes that leads to the “regional-scale” geologic features 
(Lindner and Halpern, 1978; Pluijm and Marshak, 2004). 
 
The post-construction state of stress in the immediate vicinity of the shear surfaces on the 
perimeter of rock sockets in soft rocks affect the initial shear stiffness and peak side resistance. 
This initial normal stress may be related to the in situ horizontal stresses in the ground and thus 
knowledge of these stresses is important. Goodman (1980) suggests that in situ horizontal 
stresses could assume values as low as active pressure (in rock masses where normal faulting has 
taken place) to as high as passive pressure (in rock masses where reverse faulting has occurred). 
In the areas that no fault exists, it can be seen from the preceding discussions that the existing 
stresses could take a very wide range (Goodman, 1980). The excavation activities for 
construction of drilled shafts, the resulting stress relief and subsequent lateral 
expansion/movement along the sides of the excavated hole are expected to produce an active 
mode of shearing in the ground that could disturb the initial state of stress in the adjacent rock 
mass and make the problem of determination of in situ horizontal stresses even more 
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complicated. The initial stresses in the ground, adjacent to the drilled shaft, are therefore 
expected to deviate from the free-field stress conditions. It has been suggested in the literature 
(e.g., Stas and Kulhawy, 1984; Mesri and Hayat, 1993), however, that the post-construction in 
situ horizontal stresses could return to the pre-construction condition with the passage of time 
and as a result of the realignment of soil and rock particles after the imposed active shearing 
caused by construction activities has stopped (e.g., by placement of concrete in a drilled shaft 
that is expected to halt the lateral movement or the so called “caving” of the walls of the drilled 
hole). The post-construction stress condition will be discussed in later chapters by examining the 
results of stress measurements in a drilled shaft case history by Reese et al. (1968). To better 
understand the magnitude of the true stresses in the ground prior to construction and to provide 
an upper bound envelope for design purposes, a database of in situ stress measurements is 
compiled and is summarized in Appendix D. This database is similar to that compiled by Brown 
and Hoek (1978), however, it is augmented with “near-surface” measurements of in situ stresses 
that are more relevant to the design of drilled shafts in soft rock. 
 
5.8.1 In situ rock stress database 
A database of measured in situ stresses was complied to study the typical trends in the in 
situ horizontal stresses with particular reference to the “near-surface” stress conditions. The near-
surface data are emphasized because they most applicable to the design of drilled shafts in soft 
rock mass. Data are compiled from different localities in the world including stress 
measurements in the United States, Canada, Australia, Scandinavia, Iceland, United Kingdom, 
South Africa, India and Malaysia. The rock types include sedimentary and igneous rocks such as 
siltstone, mudstone, dolomite, tuff, granite and quartzite. The depth of measurements range from 
336
 
7 m (i.e., near-surface measurements) to 2800 m (i.e., deep measurements). The stress 
measurement techniques employed include hydraulic fracturing and overcoring. In hydraulic 
fracturing technique, a section of the rock in test hole is isolated and sealed with a pair of packers 
and high pressure fluid is injected in the sealed region to induce a fracture in the surrounding 
rock mass (Lindner and Halpern, 1978; Goodman, 1980) while in an overcoring approach, a 
segment of the rock is overcored and the strains and deformations are monitored (Lindner and 
Halpern, 1978; Goodman, 1980). The methods for measuring the in situ stresses are discussed in 
the technical literature (e.g., Goodman, 1980; Fairhurst, 2003; Ljunggren et al., 2003) and will 
not be repeated in this work. A summary of the database (that is obtained from the published 
literature) is included in Appendix D. 
 
5.8.2 Analysis of in situ stresses 
The measured in situ horizontal and vertical stresses that are summarized in Appendix D 
(that are collected from the published literature) and are plotted in Figure 5.28 in terms of the 
ratios of the horizontal to vertical stresses. This ratio is similar to the well-known coefficient of 




           (5-21) 
 
where K is the coefficient of earth pressure, σH is the maximum measured total horizontal stress 
and σV is the measured total vertical stress. Figure 5.28 shows that the variability in the back-
calculated values of K is significant, especially for near-surface cases, that is consistent with 
similar studies on the topic of reference (e.g., Palmer and Lo, 1976; Brown and Hoek, 1978; 
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Lindner and Halpern, 1978; Haimson, 1980; Breckels and van Eekelen, 1982; Pine et al., 1983; 
Bjarnason et al., 1986; Kanagawa et al., 1986; Lang et al., 1986; Lim and Lee; 1986; Ljunggren 
and Amadei, 1989; Haimson et al., 1993; Arjang and Herget, 1997; Cai et al., 1997; Cai et al., 
2000; Sheorey et al., 2001). This figure shows that the variability in K decreases with increase in 
the depth and the maximum variability is observed for the shallow depths (i.e., depths smaller 
than 100 m) where K can assume values between 1 to 10. This depth interval is significant to this 
work because it covers the embedment depth for most of drilled shafts that are constructed in soft 
rocks. The recommended correlation for variation of the ratio K and depth from ground surface 




< K < 0.5+ 1500
DGS
         (5-22) 
 
where DGS is the depth from the ground surface. This equation is superimposed on the measured 
values of K in Figure 5.28. This comparison shows that the proposed correlation of Brown and 
Hoek (1978) provides reasonable upper- and lower-bounds for K for depths greater than 100 m. 
Figure 5.28 shows that the method of Borwn and Hoek (1978) overestimates the ratio K for near-
surface measurements. 
The discussions presented above and the analysis of the measured data reveals that at 
shallow depths, the horizontal stress exceeds the vertical stress with a large margin, however, the 
variability in measured K value is such that a well-defined correlation with depth cannot be used 
to accurately estimate K. Moreover, with reference to the measured values of K, the common 
approach in which the initial normal stresses on the shear surface are assumed to be equal to 
vertical stresses may be conservative. In the case of a drilled shaft, if the excavation of the hole is 
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followed by the immediate placement of the concrete, lateral straining required for development 
of the active conditions is very unlikely and the in situ stresses in the ground are expected to be 
preserved. The following general conclusions could be made in regards to the “estimation” of the 
near-surface initial horizontal stresses in soft rock mass: 
 
1. Variability in the measured values of K with depth is significant. 
2. Other factors such as friction angle of rock mass, modulus of deformation of rock, 
mineralogy of rock and stress history are expected to also affect the measured values of 
K. These variables are not available in the case histories that are reviewed and thus the 
existing predictive equations that have the form of K = f (DGS) may not be improved. 
These expressions may be used to obtain crude estimates of the horizontal stresses in the 
ground. 
3. The lower bound equation proposed by Brown and Hoek (1978) may be used to obtain 
conservative estimates of K for design purposes. 
4. Accurate estimation of the in situ stresses are only possible by direct measurement using 
overcoring, hydraulic fracturing and similar methods. 
 
The above discussion indicates that the estimation of the in situ initial horizontal stresses 
is difficult and is associated with uncertainty. The analysis that will be provided in Chapter 11 
will show that initial horizontal stresses are a small percentage of the overall normal stress that 
acts on the shear planes on the sides of the rock sockets and in the vicinity of drilled shaft base 
(see Chapters 9 and 10). Therefore, the initial horizontal stresses will not significantly affect the 
339
 
behavior of drilled shafts in soft rock. Rather, the final state of stress at the onset of failure of 
rock will determine the drilled shaft behavior. 
 
5.9 Framework for Prediction of Rock Mass Properties 
The existing predictive models pertinent to the mechanical properties of soft rocks are 
reviewed and evaluated using a rock mechanics database that is compiled by the Author and 
others that is reported in Appendix D. The discussions presented in the previous sections are 
used to propose a framework for prediction of rock strength and deformational properties. The 
steps involved in the prediction of rock properties are described below. 
 
5.9.1 Estimate rock compressive strength, qu 
The best approach for estimation of the unconfined compressive strength (qu) of soft rock 
is to obtain NX-size rock cores and perform unconfined compression tests on them to obtain the 
unconfined compressive strength of the intact soft rock. When obtaining rock cores is not an 
option or when the rock is fractured and representative rock specimens cannot be obtained, 
modified version of SPT (first reported by Stark, Long and Assem, 2013), should be used to 





          (5-23a) 
 




qu (kPa) = 3.7× N
•




is the penetration rate (in blows/ft or other relevant units) and qu is the unconfined 
compressive strength of intact rock. This correlation may be calibrated for new sites as new data 
become available. 
 
5.9.2 Estimate modulus of deformation of rock mass, Em 
The second step is to estimate the modulus of deformation of the rock mass (Em). Figure 
5.29 shows the variation of the back-calculated modulus of deformation of rock mass and the 
unconfined compressive strength. The modulus of deformation is back-calculated using elastic 
theory (Pells and Turner, 1979) from the results of plate load tests (Appendix D) and drilled shaft 
load tests (Appendices A and B). Regression analysis is used to develop a predictive equation 
that can be used to estimate Em for soft rocks. The proposed equation is shown on Figure 5.29 
and is shown below 
 
Em(MPa) =150 × qu( )1.1          (5-24) 
 
where Em is the modulus of deformation of rock mass in units of MPa and qu is the unconfined 
compressive strength of intact rock. If the GSI or RMR of rock mass is known, Figure 5.30 may 




5.9.3 Estimate Geological Strength Index (GSI) 
This step is only applicable if the rock mass cannot be rated directly in the field as is the 
case for majority of drilled shaft construction projects where rock outcrops or cuts in the rock 
mass of interest is not available at the construction site. For this purpose, the designer may first 
estimate the modulus of deformation of the rock mass as described previously and then use the 
correlation that is shown in Figure 5.30 to estimate the GSI for the rock mass. The equation of 
the line of best fit in Figure 5.30 is shown in the following equation 
 
Em(MPa) =15× e
0.09×GSI( )          (5-25) 
 
where Em is the modulus of deformation of the rock mass in units of MPa and GSI is the 
geological strength index. 
 
5.9.4 Estimate rock mass friction angle and cohesion intercept, φ'm and c'm 
The method of Hoek and Brown (1997) is used to estimate the drained friction angle 
(φ'm) and cohesion intercept (c'm) of the rock mass. The rock type is first used to determine the 
material constant (mi) using the recommendations of Hoek et al. (1995) and other available 
resources (e.g., Bertuzzi et al., 2016). The values of material constant (mi), based on Hoek et al. 
(1995), are summarized in Table 5.4. The obtained values of material constant and geological 
strength index (GSI), and the method of Hoek and Brown (1997) are used to estimate the friction 
angle and cohesion intercept for the rock mass. The design curves for the method of Hoek and 
Brown (1997) are introduced in Chapter 3, however, they are reproduced in Figures 5.31 and 
5.32 for the readers reference. It must be noted that the methods illustrated in Figures 5.31 and 
5.32 (after Hoek and Brown, 1997) are based on the Hoek-Brown failure criterion for rock 
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masses and thus are most applicable to a range of Geological Strength Index (GSI) of greater 
than 30 and less than 70 to 75 (Brown, 2008). Most of the rocks that are available in the drilled 
shaft load test databases in this study have GSI values that fall within the limits of GSI that are 
noted by Brown (2008). Therefore, the rock mass friction angle and cohesion intercepts that are 
estimated for each case record should reasonably represent the shear strength of the 
corresponding rock mass. 
 
5.9.5 Estimate rock Poisson’s Ratio, ν  
The Poisson’s Ratio of the rock is commonly required when the elastic solutions are used 
for estimation of the settlement of drilled shafts in soft rock mass to account for the effect of the 
horizontal stresses on the magnitude of the final settlement (Hobbs, 1974). The values of 
Poisson’s ratio for a number of soft rocks are collected from the literature (reported in Appendix 
D). The variation of the Poisson’s Ratio and unconfined compressive strength data for soft rock 
(collected from literature and is reported in Appendix D) is shown in Figure 5.33. Kulhawy 
(1978) also reports typical values of Poisson’s ratio of the soft rock that are summarized in Table 
5.5. Figure 5.33 and Table 5.5 can be used to select a value of Poisson’s Ratio when actual test 
data for a given site is not available during the preliminary stages of design. 
 
5.9.6 Discussion of the proposed approach 
To properly predict the response of the rock mass to the external loads (or stresses), the 
contribution of components of the rock mass, namely the intact rock material and the individual 
discontinuity surfaces, to the overall strength and deformational properties of rock mass should 
be evaluated (Hoek, 1983). Therefore, any predictive model or framework that is proposed for 
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prediction of soft rock mechanical properties should reflect the properties of the two 
aforementioned components of the soft rock mass. The proposed framework is developed to 
satisfy the following important conditions: 
 
1. Due to the fissured, weathered nature and stiff structure of the soft rock masses and the 
loading rates (long-term conditions) that are assumed in the design of foundations on soft 
rock masses, and due to the dilative nature of these overconsolidated geomaterials, the 
drained rock mass properties should be used. The method of Hoek and Brown (1997) that 
is used to predict the soft rock mass cohesion intercept (c'm) and friction angle (φ'm) 
provides drained values of aforementioned rock properties that is in compliance with the 
above requirements. The back-analyzed values of rock mass modulus of deformation 
(Em) from load tests are also expected to reflect the deformational properties of rock mass 
in drained conditions due to the typical loading rates that are commonly used in the field 
load tests, stiff structure and the fissured nature of soft rock mass that facilitates the 
drainage of rock mass surrounding the drilled shaft foundation. Moreover, the analysis 
that is shown in Chapter 9 shows that the drilled shaft load tests are commonly drained 
and thus the test results are representative of the long-term behavior of drilled shafts in 
soft rocks. 
2. The predicted values of strength and deformational properties for soft rock masses should 
be in reasonable agreement with typical values for Em, c'm and φ'm that are reported in the 
technical literature for similar soft rock masses. Predicted values of Em, c'm and φ'm are 
compared with typical reported values in the technical literature in Chapters 10 and 11. It 
is shown that these predicted values (prediction using the approach proposed in the 
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previous section) fall within the bounds of measured or back-calculated (i.e., mobilized) 
Em, c'm and φ'm that are available in the technical literature. 
3. Abdel-Gaffar (1990), Mesri and Abdel-Gaffar (1993) and Terzaghi et al. (1996) showed 
that the “mobilized” cohesion intercept of stiff clays and soft rock masses will decrease 
with reference to the cohesion intercept corresponding to the peak shear strength of intact 
material. Terzaghi et al. (1996) showed, using data from tests on samples from London 
clay, that “the effect of fissuration is mainly reflected in the values of cohesion intercept.” 
Navier (1833) and Abdel-Gaffar (1990) discussed the adverse effects of exposure of stiff 
clays and soft rock masses to air, alternate wetting and drying and frost action on the 
values of cohesion intercept. Therefore, the proposed predictive method for estimation of 
the rock mass cohesion intercept (c'm) should result in c'm values that are significantly 
smaller than those of intact rock. The range of cohesion intercept estimated herein for the 
soft rock masses in tip and side resistance drilled shaft load test databases is considerably 
lower than typical values reported by Goodman (1980) (see discussion presented in 
Chapters 10 and 11) for intact rocks. This result is expected. The variability in the 
cohesion intercept is greater compared to the variability in the estimated friction angle. 
This variability could be attributed to: i) the significance of weathering and its spatial 
variability or ii) variability in mineral composition, grain size and shape and the nature of 
the cementing material between the grains in the rock masses (that are present in the 
drilled shaft load test case records. 
4. Mesri and Abdel-Ghaffar (1993) showed that the variability in back-analyzed friction 
angle of stiff clays and soft rocks from the analysis of failed slopes is less than that of the 
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corresponding cohesion intercept for the typical “effective stress ranges encountered in 
most earth structures.” This is in agreement with the findings of this study. 
5. The back-analyzed friction angle should be mainly related to the mineralogy of the soft 
rock masses (Mesri and Abdel-Gaffar, 1993). This is consistent with the predicted values 
of the rock mass friction angle in this study. This finding is expected because most of 
rocks in the side and tip resistance databases are argillaceous rocks. 
6. The in situ mobilized values for strength and deformational properties of soft rock masses 
are not only a function of composition of rock mass and its secondary structure but are 
also a function of the ratio of size of foundation to the spacing of the discontinuities. The 
scale dependency of rock mass properties has been discussed repeatedly in the technical 
literature (e.g., Goodman, 1980; Hoek, 1983; Abdel-Gaffar, 1990; Mesri and Abdel-
Ghaffar, 1993; Terzaghi et al., 1996; Hoek and Brown, 1997). Therefore, the predictive 
models should account for the scale of the structure. Because the predictive model used 
for prediction of rock mass modulus is based on the back-analyzed Em, it accounts for the 
typical size of drilled shaft foundations and its effects on the values of Em indirectly. 
7. Mesri and Abdel-Gaffar (1993) showed that the mobilized friction angle (φ'm) in stiff 
clays and soft rock masses is dependent on the mineralogy and the cohesion intercept 
(c'm) is dependent on the mineralogy and the geological history (as reflected by the 
preconsolidation pressure) of these geomaterials. The proposed method for prediction of 
rock mass friction angle and cohesion intercept accounts for the mineralogy and 
composition using material constant (mi) (Hoek, 1983; Hoek and Brown, 1997) and 
accounts for the degree of weathering and effect of geological processes using an 
estimate of Geological Strength Index (GSI). 
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8. The behavior of rock mass is partly controlled by the condition and nature of the 
individual rock discontinuities (i.e., amount of clay gauge and degree of weathering of 
joint surfaces) and this important factor must be included in the predictive method 
although it might not be very important for the case of soft rocks. The Geological 
Strength Index (GSI) accounts for these effects. 
9. The rock mass behavior is also controlled by the compressive strength (qu) of the intact 
rock blocks that are separated by the individual discontinuities. Therefore, the predictive 
framework for rock mass mechanical properties should account for qu. Compressive 
strength is used for prediction of Em and thus is indirectly factored into the prediction 
procedure. 
 
5.10 Some Remarks on Estimation Rock Mass Modulus of Deformation 
Modulus of deformation of rock mass (Em) is an important property that governs the 
drilled shafts’ axial resistance and deformational properties. This because i) modulus of 
deformation of rock mass (Em) is directly related to the initial normal stiffness of the rock 
socket’s tip (Kn) which significantly affects the overall stiffness of the foundation and ii) Em 
affects the normal stiffness and shear stiffness of the shear surface that forms on the perimeter of 
rock sockets. 
The modulus of deformation is commonly determined either by direct measurement 
techniques or by the means of empirical predictive equations. The various methods for in situ 
measurement of the rock mass modulus (Em) are discussed in detail by Goodman (1980). In situ 
measurement of Em, however, is not justified in many projects due to the high costs associated 
with it. Therefore, many researchers have proposed empirical predictive models that are based on 
regression analysis of measured Em and other rock mass indices such as Rock Mass Rating 
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(RMR), Geological Strength Index (GSI) and Rock Quality Designation (RQD). Some of these 
empirical equations are summarized in Table 5.3. 
The empirical approach that was proposed in this Chapter, however, is based only on the 
unconfined compressive strength (qu) of the intact soft rock. Therefore, it is necessary to 
compare the predictive capacity of the proposed method herein with that of the available 
methods based on the rock mass indices such as RMR and GSI (see Table 5.3). This comparison 
will provide insight into the advantage of use of rock mass rating systems such as GSI and RMR 
over other simpler methods (i.e., Equation 5-24) to predict Em for the soft rock mass. An 
independent database that was compiled by Keffeler (2014) that contains measured rock mass 
modulus (Em) values from three sites in the United States (in Nevada), in Iran (Bakhtiary Dam) 
and in Puerto Rico (Portugues Dam) that involve soft rock masses is used for the evaluation of 
the Em predictive methods that are functions of different rock mass rating systems. This database 
is summarized in Table 5.6. The rock types, measured modulus of deformation values and rock 
mass indices are summarized in this table as well. 
The available predictive models for Em are applied to the databases introduced in Table 
5.6 and to that compiled by the Author that is reported in Appendix D. The evaluation results are 
summarized in Table 5.7 in terms of the statistics (i.e., µλ, σλ and δλ) of the ratios of measured to 
predicted (λ) rock mass modulus of deformation. Surprisingly enough, the statistics presented in 
Table 5.7 indicate that the inclusion of the rock mass indices in the equations for prediction of 
the rock mass modulus of deformation did not significantly improve the ability of these models 
to give accurate estimates of the soft rock mass modulus of deformation compared to less 
sophisticated techniques that are mainly functions of properties of intact soft rock substance. 




1. Rock mass indices such as GSI and RMR have been developed mainly to reflect the 
effect of rock mass discontinuity characteristics on the shear strength and deformability 
of the rock mass. These classification systems are effective when the shear strength and 
the deformational properties of the discontinuities are significantly different from that of 
intact rock substance. The shear strength of the joints and the rock substance in a soft 
rock are commonly very similar due to weathering processes, erosion, swelling and 
subsequent softening (Mesri and Shahien, 2003) that occurs in these rock masses. 
2. Most of the rating components (e.g., joint condition, ground water condition, and joint 
orientation) that are used in the evaluation of the rock mass indices (e.g., RMR or GSI) 
are based on the qualitative observations of the rock mass features. Therefore, a great 
amount of subjectivity may enter the evaluation process that will increase the scatter of 
the available databases and thus will reduce the effectiveness of RMR and GSI. 
 
Based on the discussion provided above, it appears reasonable to conclude that the 
simplified predictive model based on the unconfined compressive strength that is proposed 
herein may be used in the evaluation of modulus of deformation of the soft rock mass for design 
purposes and that the use of more sophisticated models do not lead to more accurate estimates of 
the soft rock modulus of deformation. 
 
5.11 Concluding Remarks 
Estimation of engineering properties of soft rock is an important matter because it greatly 
affects the estimated values of side and tip resistance of drilled shafts in soft rock. An extensive 
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review of the rock mechanics literature was conducted and a database of rock engineering 
properties is compiled from the literature and is reported in Appendix D. The existing predictive 
methods for engineering properties of rock are reviewed and compared with the data presented in 
Appendix D to examine their performance in relation to soft rocks. Based on the conclusions 
reached in each of the previous sections, a design framework for estimation of the rock strength 
and deformational prosperities that are often needed for design of drilled shafts is proposed in 
Section 5.9. This approach has been used to estimate the missing properties for each rock mass in 









Table 5.1 Classification of rocks based on the Geological Society of London (Reproduced from the Geological Society of 
London, 1970) 
 
Unconfined compressive  
strength (MPa) 
Description of rock 
<1.25 Very weak 
1.25 to 5 Weak 
5 to 12.5 Moderately weak 
12.5 to 50 Moderately strong 
50 to 100 Strong 
100 to 200 Very strong 







Table 5.2 Values of modular ratio (after Hoek and Diederichs, 2006) 
 
Rock type Class Group Texture 
    
Coarse Medium Fine Very fine 
Sedimentary Clastic Conglomerate (300-400) Sandstone (200-350) Siltstone (350-400) Claystone (200-
300) 
Breccias (230-350)  Greywackes (350) Shales (150-250) 
   Marl (150-200) 
Non-
clastic 








Evaporate  Gypsum (350) Anhydrite (350)  
Organic    Chalk (1000) 
Metamorphic Non-foliated Marble (700-1000) Hornfels (400-700) Quartzites (300-450)  
 Metasandstone (200-300)   
Slightly foliated Migmatite (350-400) Amphibolites (400-500) Gneiss (300-750)  










Table 5.2 Cont. Values of modular ratio (after Hoek and Diederichs, 2006) 
 
Rock type Class Group Texture 
Coarse Medium Fine Very fine 
Igneous Plutonic Light Granite (300-550) Diorite (300-350)   
Granodiorite (400-450) Dolerite (300-400)   
Dark Gabbro (400-500)    
Norite (350-400)    
Hypabyssal Porphyrics (400)  Diabase (300-350) Peridotite (250-300) 
Volcanic Lava  Rhyolite (300-500) Dacite (350-450)  
 Andesite (300-500) Basalt (250-450)  







Table 5.3 Summary of predictive methods for the modulus of deformation of rock mass 
 




100[0.0028RMR2 + 0.9exp(RMR / 22.82)]
,Ei = 50 GPa  
Nicholson and Bieniawski (1990) 
2 
Em =
Ei[1− cos(π ⋅RMR /100)]
2
,Ei = 50 GPa  
Mitri et al. (1994) 
3 Em = 0.1(RMR /10)





3 ,  σci =100 MPa  
Barton (2002) 
5 Em = Ei (s




6[exp(−GSI /15) − exp(−20 / 3)]
 
Sonmez et al. (2004) 
6 Em = Ei ⋅ exp[(GSI −100) / 9]4 ,Ei = 50 GPa  
Carvalho (2004) 
7 Em = 7 10 ⋅[RMR − 44] / 21  






Table 5.4 Summary of material constant, mi (values from Hoek and Brown, 1980; Hoek et al., 1995) 
 
Rock type Class Group Texture 
Coarse Medium Fine Very fine 









Non-clastic Organic Chalk (7), Coal (8-21) 










Metamorphic Non-foliated Marble (9) Hornfels (19) Quartzite (24)  
Slightly foliated Migmatite (30) Amphibolite (31) Mylonites (6)  





Granite (33)  Rhyolite (16) Obsidian (19) 
Granodiorite (30)  Dacite (17)  
Diorite (28)  Andesite (19)  
Gabbro (27) Dolerite (19) Basalt (17)  
Norite (22)    









Table 5.5 Summary of typical values of Poisson’s Ratio for different rock types (all data from Kulhawy, 1978) 
 
Rock Type Number of values Poisson’s Ratio 
  Maximum Minimum Mean Standard Deviation 
Granite 22 0.39 0.09 0.2 0.08 
Monzonite 3 0.2 0.19 0.19 0.01 
Gabrro 3 0.2 0.16 0.18 0.02 
Porphyry 3 0.21 0.16 0.18 0.02 
Diabase 6 0.38 0.2 0.29 0.06 
Basalt 11 0.32 0.16 0.23 0.05 
Tuff 7 0.24 0.09 0.17 0.06 
Quatzite 6 0.22 0.08 0.14 0.05 
Marble 5 0.4 0.17 0.28 0.08 
Gneiss 11 0.4 0.09 0.22 0.09 
Schist 12 0.31 0.02 0.12 0.08 
Sandstone 12 0.46 0.08 0.2 0.11 
Siltstone 3 0.23 0.09 0.18 0.06 
Graywacke 7 0.08 0.05 0.07 0.01 
Shale 3 0.18 0.03 0.09 0.06 
Limestone 19 0.33 0.12 0.23 0.06 














Database ID Test ID Rock type Joint infilling material Plate diameter (cm) Em (Gpa) RQD RMR-76 RMR-89 GSI Q Reference
RM44-1 PLT-1 Fault breccia sand and gravel with silt 30.2 0.25 15 18 10 0.0078 Keffeler (2014)
RM44-2 PLT-3B Oxidized limestone silty sand with gravel 30.2 4.5 41 34 45 0.27 Keffeler (2014)
RM44-3 PLT-4A Argillized rhyolite dike clayey sand with gravel 30.2 0.37 16 21 15 0.017 Keffeler (2014)
RM44-4 PLT-4B Argillized rhyolite dike clayey sand 25.4 0.031 16 21 10 0.01 Keffeler (2014)
RM44-5 PLT-5A Decalcified limestone Carbon and iron oxide coatings 25.4 2.5 37 47 40 0.1 Keffeler (2014)
RM44-6 PLT-5B Decalcified limestone Carbon and iron oxide coatings 30.2 1.7 35 45 45 0.069 Keffeler (2014)
RM44-7 PLT-6A Decalcified limestone carbon and non-plastic clay coating 30.2 1.3 34 44 30 0.067 Keffeler (2014)
RM44-8 PLT-6B Decalcified limestone carbon coatings 30.2 1.1 40 49 40 1 Keffeler (2014)
RM44-9 PLT-7A Decalcified limestone carbon and minor soft white infillings 30.2 1.4 41 49 40 0.83 Keffeler (2014)
RM44-10 PLT-7B Decalcified limestone carbon and pyrite coatings 30.2 1.4 40 51 45 1.7 Keffeler (2014)
RM44-11 PLT-8A Decalcified limestone carbon coatings and 1-3 mm calcite 30.2 0.71 47 51 50 3.3 Keffeler (2014)
RM44-12 PLT-8B Decalcified and argillized limestone clayey sand 30.2 0.9 20 28 15 0.02 Keffeler (2014)
RM44-13 PLT-9A Decalcified limestone soft realgar coatings 30.2 4.2 45 54 50 0.67 Keffeler (2014)
RM44-14 PLT-9B Decalcified and argillized limestone soft realgar 1-3 mm 30.2 2.3 32 45 45 0.067 Keffeler (2014)
RM44-15 UJT-1U Siltstone and sandstone Calcite and iron oxide 30 84 59 66 USACE (1988)
RM44-16 UJT-1L Siltstone and sandstone Calcite and iron oxide 4.8 25 55 57 USACE (1988)
RM44-17 UJT-2U Siltstone and sandstone Calcite and iron oxide 2.8 63 44 53 USACE (1988)
RM44-18 UJT-2L Siltstone and sandstone Calcite and iron oxide 18 57 53 54 USACE (1988)
RM44-19 UJT-3U Siltstone and sandstone Calcite and iron oxide 17 75 68 63 USACE (1988)
RM44-20 UJT-3L Siltstone and sandstone Calcite and iron oxide 2.1 18 42 45 USACE (1988)
RM44-21 UJT-4U Siltstone and sandstone Calcite and iron oxide 34 73 65 66 USACE (1988)
RM44-22 UJT-4L Siltstone and sandstone Calcite and iron oxide 8.3 26 39 40 USACE (1988)
RM44-23 BDP-A Sarvak limestone Calcite and iron oxide 0.971 14.1 5 44 50 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
RM44-24 BDP-B Sarvak limestone Calcite and iron oxide 0.971 16 14 43 52 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
RM44-25 BDP-C Sarvak limestone Calcite and iron oxide 0.971 19.5 3 45 52 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
RM44-26 BDP-D Sarvak limestone Calcite and iron oxide 0.971 15.6 19 44 53 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
RM44-27 BDP-E Sarvak limestone Calcite and iron oxide 0.65 5.5 6 45 52 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
RM44-28 BDP-F Sarvak limestone Calcite and iron oxide 0.65 3.7 16 45 53 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
RM44-29 BDP-G Sarvak limestone Calcite and iron oxide 0.65 3.7 15 45 54 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
RM44-30 BDP-H Sarvak limestone Calcite and iron oxide 0.65 3.2 25 44 54 Agharazi et al. (2012), Agharazi (2013), Agharazi (2014)
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Table 5.7 Evaluation of empirical models for prediction of rock mass modulus of deformation (based on data from Keffeler, 2014 
and Appendix D) 
 
 




µλ  σλ  δλ  
Bieniawski (1978) Keffeler (2014) 5 1.35 1.04 0.77 
Serafim and Pereira (1983) Keffeler (2014) 30 0.81 0.74 0.91 
Nicholson and Bieniawski (1990) Keffeler (2014) 30 0.83 0.79 0.95 
Mitri et al. (1994) Keffeler (2014) 30 0.26 0.26 1.00 
Read et al. (1999) Keffeler (2014) 30 0.52 0.45 0.86 
Barton (2002) Keffeler (2014) 14 0.28 0.21 0.75 
Diederichs and Kaiser (1999) Keffeler (2014) 23 0.58 0.49 0.83 
Carvalho (2004)  Keffeler (2014) 14 0.16 0.11 0.66 
Palstrom and Sigh (2001) Keffeler (2014) 14 5.1 4.58 0.88 
Galera et al. (2007) Keffeler (2014) 30 0.65 0.59 0.92 
Gokceoglu et al. (2003) RMR Keffeler (2014) 30 1.86 1.68 0.90 
Gokceoglu et al. (2003) GSI Keffeler (2014) 14 0.92 0.58 0.62 












Figure 5.1 Variation of unconfined compressive strength with water content for claystone, 










Figure 5.2 Variation of unconfined compressive strength with water content for sandstone 







Figure 5.3 Variation of unconfined compressive strength with water content for chalk, 








Figure 5.4 Variation of unconfined compressive strength with total unit weight for claystone, 








Figure 5.5 Variation of unconfined compressive strength with total unit weight for sandstone 









Figure 5.6 Variation of unconfined compressive strength with total unit weight for slate. All 







Figure 5.7 Variation of unconfined compressive strength with Standard Penetration N-values 










Figure 5.8 Variation of modulus of deformation of intact rock with unconfined compressive 
strength for claystone, mudstone and shale. All data from published literature and 









Figure 5.9 Variation of modulus of deformation of intact rock with unconfined compressive 
strength for sandstone and siltstone. All data from published literature and 









Figure 5.10 Variation of modulus of deformation of intact rock with unconfined compressive 
strength for chalk, granite, limestone and slate. All data from published literature 









Figure 5.11 Variation of modulus of deformation of rock mass with unconfined compressive 
strength for different rock types. Modulus of deformation of rock mass was 
obtained from plate load tests. All data from published literature and summarized 









Figure 5.12a Variation of modulus of deformation of rock mass with unconfined compressive 
strength for different rock types. Modulus of deformation of rock mass was 
obtained from back-analysis of q-z relationships of drilled shaft case histories. All 









Figure 5.12b Variation of modulus of deformation of rock mass with unconfined 
compressive strength for different rock types. Modulus of deformation of 
rock mass was obtained from back-analysis of t-z relationships of drilled 











Figure 5.13 Variation of modulus of deformation of rock mass with Geological Strength Index 
(GSI). Note that GSI was converted from Rock Mass Rating for different rock 
types. Modulus of deformation of rock mass was obtained from back-analysis of 










Figure 5.14 Variation of the ratio of undrained shear strength to SPT N-value and plasticity 








Figure 5.15 Modified standard penetration test (MSPT) method (figure and data reproduced 







Figure 5.16 Relationship between penetration rate and unconfined compressive strength for 








Figure 5.17 Evaluation of predictive methods of Abu-Hejleh et al. (2003) and Terzaghi et al. 
(1996) for the relationship between compressive strength and SPT results. All 








Figure 5.18 Evaluation of predictive methods of Mesri and Gibala (1971), Williams (1980) 
and Baycan (1996). The methods correlate the compressive strength of the soft 
rock to initial water content of soft rock. All data from published literature and 









Figure 5.19 Evaluation of predictive methods of Deere and Miller (1966), Bieniawski (1974), 
Goodman (1980), Lumb (1983), Franklin (1985), Leung and Radhakrishnan 
(1990) and Kahraman (2014) for estimation of compressive strength from point 










Figure 5.20 Evaluation of predictive models for modulus of deformation of intact rock. Rock 
types include the claystone, mudstone and shale. All data from published 








Figure 5.21 Evaluation of predictive methods for modulus of deformation of intact rock. Rock 
types include sandstone and siltstone. All data from published literature and 







Figure 5.22 Evaluation of predictive methods for modulus of deformation of intact rock. Rock 
types include chalk and limestone. All data from published literature and 








Figure 5.23 Evaluation of predictive methods for modulus of deformation of rock mass. Rock 
types include claystone, mudstone and shale. Modulus of deformation back-
analyzed from plate load tests. The method of Rowe and Armitage (1984) is 








Figure 5.24 Evaluation of predictive methods for modulus of deformation of rock mass. Rock 
types include sandstone and siltstone. Modulus of deformation back-analyzed 
from plate load tests. The method of Rowe and Armitage (1984) is evaluated. All 








Figure 5.25 Evaluation of predictive methods for modulus of deformation of rock mass for 
igneous and carbonate rocks. Modulus of deformation back-analyzed from plate 
load tests. The method of Rowe and Armitage (1984) is evaluated. All data from 








Figure 5.26a Evaluation of predictive methods for modulus of deformation of rock mass. 
Modulus of deformation of rock mass is obtained from back-analysis of tip 
resistance q-z relationships from drilled shaft load tests. Data from literature and 
the drilled shaft case histories are summarized in Appendix A. The method of 









Figure 5.26b Evaluation of predictive methods for modulus of deformation of rock 
mass. Modulus of deformation of rock mass is obtained from back-
analysis of side resistance t-z relationships from drilled shaft load tests. 
All data from literature and the drilled shaft case histories are summarized 










Figure 5.27 Evaluation of predictive methods for modulus of deformation of rock mass. All 








Figure 5.28 Comparison of the method of Brown and Hoek (1978) with the measured data on 
coefficient of earth pressure at-rest (data are from published literature and 







Figure 5.29 Variation of the back-analyzed modulus of deformation of soft rock mass and 
unconfined compressive strength of intact soft rock. The proposed model for 
prediction of Em is superposed on the data. All data from published literature (data 








Figure 5.30 Variation of the modulus of deformation of soft rock mass (Em) and geological 
strength index (GSI). The proposed trend line is also superposed on the data. All 











Figure 5.31 Variation of the friction angle of soft rock mass (φ'm) with geological strength 










Figure 5.32 Variation of the cohesion intercept of soft rock mass (c'm) with geological strength 








Figure 5.33 Variation of the Poisson’s ratio and unconfined compressive strength of rock (all 





Abdel-Gaffar, M.E.M. (1990), 'The meaning and the pratical significance of the cohesion 
intercept in soil mechanics', Ph.D. Thesis (University of Illinois at Urbana-Champaign). 
Abu-Hejleh, N., O’Neill, M.W., Hanneman, D., et al. (2003), 'Improvement of the geotechnical 
axial design methodology for Colorado’s drilled shafts socketed in weak rocks', (Denver, 
CO, USA: Colorado Department of Transportation). 
Arjang, B. and Herget, G. (1997), 'In situ ground stresses in the Canadian hardrock mines: An 
update', International Journal of Rock Mechanics and Mining Sciences, 34 (3), 15.e1-
15.e16. 
Barton, N., et al. (1978), 'Suggested methods for the quantitative description of discontinuities in 
rock masses', International Journal of Rock Mechanics and Mining Sciences and 
Geomechanics Abstracts, 15 (6), 319-68. 
Baycan, S. (1996), 'Field performance of expansive anchors and piles in rock', Ph.D. thesis 
(Monash University). 
Bertuzzi, Robert, Douglas, Kurt, and Mostyn, Garry (2016), 'Improving the GSI Hoek-Brown 
criterion relationships', International Journal of Rock Mechanics and Mining Sciences, 89, 
185-99. 
Bridge, J. and Demicco, R. (2008), Earth surface processes, landforms, and sediment deposits 
(Cambridge: Cambridge University Bridge) 815. 
Bieniawski, Z.T. (1974), 'Estimating the strength of rock materials',  Journal of South African 
Institute of Mining and Metallurgy, 74 (8), 312-20 
Bieniawski, Z.T. (1976), 'Rock mass classifications in rock engineering', Symposium on 
Exploration for Rock Engineering, 97-106. 
Bieniawski, Z. T. (1978), 'Determining rock mass deformability: experience from case histories', 
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 
15 (5), 237-47. 
Bjarnason, B., et al. (1986), 'Four years of hydrofracturing rock stress measurement in Sweden', 
International Symposium on Rock Stress and Rock Stress Measurement (Stockholm), 421-
27. 
Breckels, I.M. and van Eekelen, H. A. M. (1982), 'Relationship Between Horizontal Stress and 
Depth in Sedimentary Basins'. 
394
 
Brown, E. T. and Hoek, E. (1978), 'Trends in relationships between measured in-situ stresses and 
depth', International Journal of Rock Mechanics and Mining Sciences & Geomechanics 
Abstracts, 15 (4), 211-15. 
Brown, E. T. (2008), 'Estimating the mechanical properties of rock masses', SHIRMS (Perth: 
Australian Centre for Geomechanics), 3-21. 
Cai, M., et al. (1997), 'Experience of in situ stress measurement with hydrofracturing and 
overcoring techniques in Ekou Mine, China', International Journal of Rock Mechanics and 
Mining Sciences, 34 (2), 299-302. 
Cai, M., et al. (2000), 'Results of in situ stress measurements and their application to mining 
design at five Chinese metal mines', International Journal of Rock Mechanics and Mining 
Sciences, 37 (3), 509-15. 
Chern, J.C., et al. (2004), 'Correlation study on the deformation modulus and rating of rock 
mass', (Taipei, Taiwan: Sinotech Engineering Consultants, Inc.), 127. 
Coates, D. F. (1964), 'Classification of rocks for rock mechanics', International Journal of Rock 
Mechanics and Mining Sciences & Geomechanics Abstracts, 1 (3), 421-29. 
Coates, D. F. and Parsons, R. C. (1966), 'Experimental criteria for classification of rock 
substances', International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 3 (3), 181-89. 
Couetdic, J. M. and Barron, K. (1975), 'Plate-load testing as a method of assessing the In-situ 
strength properties of Western Canadian coal', International Journal of Rock Mechanics 
and Mining Sciences & Geomechanics Abstracts, 12 (10), 303-10. 
Deere, D.U. and Miller, R.P. (1966), 'Engineering classification and index properties for intact 
rock', (Urbana, Illinois: University of Illinois at Urbana-Champaign/Air Force Weapons 
Laboratory), 327. 
Deere, D.U., et al. (1966), 'Design of surface and near-surface construction in rock', The 8th U.S. 
Symposium on Rock Mechanics (Minneapolis, Minnesota), 237-302. 
Deere, D.U. and Miller, R.P. (1966), 'Engineering classification and index properties for intact 
rock', (Urbana, Illinois: University of Illinois at Urbana-Champaign/Air Force Weapons 
Laboratory), 327. 
Deere, D.U. (1968), Geotechnical consideration eds K.G. Stagg and Zienkiewicz (Chapter 1 in 
Rock Mechanics in Engineering Practice; New York: Wiley). 
395
 
Deere, D.U. and Deere, D.W. (1989), 'Rock quality designation (RQD) after twenty years', 
(Washington, DC: Department of the Army, US Army Corps of Engineers), 101. 
Fairbridge, Rhodes W., Chilingar, George V., and Bissell, Harold J. (1967), 'Chapter 1 
Introduction', in Harold J. Bissell George V. Chilingar and W. Fairbridge Rhodes (eds.), 
Developments in Sedimentology (Volume 9, Part A: Elsevier), 1-28. 
Fairhurst, C. (2003), 'Stress estimation in rock: a brief history and review', International Journal 
of Rock Mechanics and Mining Sciences, 40 (7–8), 957-73. 
Franklin, J. A. (1985), 'Suggested method for determining point load strength', International 
Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 22 (2), 51-60. 
Friedman, Gerald M. and Sanders, John E. (1967), 'Chapter 6 Origin and Occurrence of 
Dolostones1', in Harold J. Bissell George V. Chilingar and W. Fairbridge Rhodes (eds.), 
Developments in Sedimentology (Volume 9, Part A: Elsevier), 267-348. 
Geological Society Engineering Group (1970), 'The logging of rock cores for engineering 
purposes', Quarterly Journal of Engineering Geology, 3 (1), 12-14. 
Goodman, R.E. (1980), Introduction to rock mechanics (1st edn.; United States of America: John 
Wiley and Sons, Inc.). 
Goodman, R.E. (1993), Engineering geology: rock in engineering construction (1st edn.: John 
Wiley and Sons, Inc.) 412. 
Haimson, B.C. (1980), 'Near-surface and deep hydrofracturing stress measurements in the 
Waterloo quartzite', International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 17 (2), 81-88. 
Haimson, B., et al. (1993), 'Estimating the state of stress from subhorizontal hydraulic fractures 
at the underground research laboratory, Manitoba', International Journal of Rock 
Mechanics and Mining Sciences & Geomechanics Abstracts, 30 (7), 959-64. 
Hendron, A.J., et al. (1970), 'Compressibility characteristics of shales measured by laboratory 
and in situ tests', Determination of the in situ modulus of deformation of rock (ASTM STP 
477: American Society for Testing and Materials), 137-53. 
Heuze, Francois E. (1980), 'Scale effects in the determination of rock mass strength and 
deformability', Rock mechanics, 12 (3), 167-92. 
Hobbs, N.B. (1974), 'Factor affecting the prediction of settlement of structures on rock: with 
particular reference to the Chalk and Trias', 579-610. 
396
 
Hoek, E. (1983), 'Strength of jointed rock masses', Géotechnique, 33 (3), 187-223. 
Hoek, E. (1994), 'Strength of rock and rock masses', ISRM News Journal, 2 (2), 4-16. 
Hoek, E., Kaiser, P.K., and Bawden, W.F. (1995), Support of underground excavations in hard 
rock. 
Hoek, E. and Brown, E. T. (1997), 'Practical estimates of rock mass strength', International 
Journal of Rock Mechanics and Mining Sciences, 34 (8), 1165-86. 
Hoek, E. and Diederichs, M.S. (2006), 'Empirical estimation of rock mass modulus', 
International Journal of Rock Mechanics and Mining Sciences, 43 (2), 203-15. 
Kanji, M.A. (2014), 'Critical issues in soft rocks', Journal of Rock Mechanics and Geotechnical 
Engineering, 6 (3), 186-95. 
Kahraman, S. (2014), 'The determination of uniaxial compressive strength from point load 
strength for pyroclastic rocks', Engineering Geology, 170, 33-42. 
Kanagawa, T., et al. (1986), '4. In situ stress measurements in the Japanese islands: Over-coring 
results from a multi-element gauge used at 23 sites', International Journal of Rock 
Mechanics and Mining Sciences & Geomechanics Abstracts, 23 (1), 29-39. 
Keffeler, E.R. (2014), 'Measurement and prediction of in-situ weak rock mass modulus: case 
studies from Nevada, Puerto Rico, and Iran', Ph.D. (University of Nevada, Reno). 
Kulhawy, F.H. (1978), 'Geomechanical model for rock foundation settlement', Journal of the 
Geotechnical Engineering Division, 104 (GT1), 211-27. 
Lang, P.A., et al. (1986), 'Horizontal in situ stresses versus depth in the Canadian Shield at the 
underground research laboratory', International Symposium on Rock Stress and Rock Stress 
Measurements (Stockholm), 449-56. 
Leung, C.F. and Radhakrishnan, R. (1990), 'Geotechnical properties of weathered sedimentary 
rocks', Geotechnical Engineering, 21, 29-48. 
Lindner, Ernest N. and Halpern, Jack A. (1978), 'In-situ stress in North America: A compilation', 
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 
15 (4), 183-203. 
Lim, H.U. and Lee, C.I. (1986), 'In-situ stress measurements of rock by stress relief method at 
some locations in Korea', The International Symposium on Rock Stress and Rock Stress 
Measurements (Stockholm), 561-68. 
397
 
Lumb, P. (1983), 'Engineering properties of fresh and decomposed igneous rocks from Hong 
Kong', Engineering Geology, 19 (1982/83), 81-94. 
Ljunggren, C. and Amadei, B. (1989), 'Estimation of virgin rock stresses from horizontal 
hydrofractures', International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 26 (1), 69-78. 
Ljunggren, C., et al. (2003), 'An overview of rock stress measurement methods', International 
Journal of Rock Mechanics and Mining Sciences, 40 (7–8), 975-89. 
Marachi, N.D., Chan, C.K., and Seed, H.B. (1972), 'Evaluation of properties of rockfill 
materials', Journal of the Soil Mechanics and Foundations Division, 98 (SM1), 95-114. 
Mesri, G. and Abdel‐Ghaffar, M. E. M. (1993), 'Cohesion Intercept in Effective Stress‐Stability 
Analysis', Journal of Geotechnical Engineering, 119 (8), 1229-49. 
Mesri, G. and Gibala, R. (1971), 'Engineering properties of a Pennsylvanian shale', Rock 
Mechanics Symposium (Urbana, Illinois, USA), 57-75. 
Mesri, G. and Hayat, T. M. (1993), 'The coefficient of earth pressure at rest', Canadian 
Geotechnical Journal, 30 (4), 647-66. 
Nassif, A. (2003), 'Stress-strain relationship for weak rocks', 415-19. 
O'Neill, Michael W., et al. (1996), 'Load transfer for drilled shafts in intermediate geomaterials', 
(McLean, Virginia: Turner-Fairbank Highway Research Center), 196. 
Navier, C.L.M.H. (1833), 'Resume des Lecons Donnees a l'Ecole des Ponts et Chaussees', Sur 
l'Application de la Mechanique, 1. 
Palmström, A. and Singh, R. (2001), 'The deformation modulus of rock masses — comparisons 
between in situ tests and indirect estimates', Tunnelling and Underground Space 
Technology, 16 (2), 115-31. 
Palmer, J. H. L. and Lo, K. Y. (1976), 'In situ stress measurements in some near-surface rock 
formations – Thorold, Ontario', Canadian Geotechnical Journal, 13 (1), 1-7. 
Pells, P.J.N. and Turner, R.M. (1979), 'Elastic solutions for the design and analysis of rock-
socketed piles', Canadian Geotechnical Journal, 16 (3), 481-87. 
Pells, Philip, et al. (2017), 'RQD: Time to Rest in Peace', Canadian Geotechnical Journal. 
Pine, M.J. (1983), 'Stratigraphy of the upper Carlile shale and lower Niobrara formation (Upper 
Cretaceous), Fremont and Pueblo Counties, Colorado', Mid-Cretaceous Codell Sandstone 
Member of Carlile Shale, Eastern Colorado, 67-95. 
398
 
Pluijm, B.A.V.D. and Marshak, S. (2004), Earth Structure: an introduction to structural geology 
and tectonics (Second edn.; New York: W.W. Norton and Company) 656. 
Reese, Lymon C., Brown, James C., and Dalrymple, Harold H. (1968), 'Instrumentation for 
measurement of lateral earth pressure in drilled shafts', (Texas, Austin: Center for Highway 
Research, The University of Texas at Austin), 137. 
Rowe, R.K. and Armitage, H.H. (1984), 'The design of piles socketed into weak rock', (Ottawa, 
Ontario, Canada: National Research Council Canada), 380. 
Rowe, R. K. and Armitage, H. H. (1987), 'A design method for drilled piers in soft rock', 
Canadian Geotechnical Journal, 24 (1), 126-42. 
Sanders, John E. and Friedman, Gerald M. (1967), 'Chapter 5 Origin and Occurrence of 
Limestones1', in Harold J. Bissell George V. Chilingar and W. Fairbridge Rhodes (eds.), 
Developments in Sedimentology (Volume 9, Part A: Elsevier), 169-265. 
Serafim, J.L.  and Pereira, J.P. (1983), 'Consideration of the geomechanical classification of 
Bieniawski', Symposium on Engineering Geology and Underground Constructions, 1133-
44. 
Sheorey, P. R., Murali Mohan, G., and Sinha, A. (2001), 'Influence of elastic constants on the 
horizontal in situ stress', International Journal of Rock Mechanics and Mining Sciences, 38 
(8), 1211-16. 
Singh, Mahendra and Seshagiri Rao, K. (2005), 'Empirical methods to estimate the strength of 
jointed rock masses', Engineering Geology, 77 (1–2), 127-37. 
Skempton, A.W. and Hutchinson, J. (1969), 'Stability of natural slopes and embankment 
foundations', 7th International Conference on Soil Mechanics (New Mexico), 291-340. 
Stanton, Kevin, Motamed, Ramin, and Elfass, Sherif (2017), 'Robust LRFD Resistance Factor 
Calibration for Axially Loaded Drilled Shafts in Las Vegas', Journal of Geotechnical and 
Geoenvironmental Engineering, 143 (6). 
Stark, T.D., Long, J.H., and Assem, P (2013), 'Improvement for determining the axial capacity of 
drilled shafts in shale in Illinois', (Illinois, USA: University of Illinois at Urbana-
Champaign), 136. 
Stas, C.V. and Kulhawy, F.H. (1984), 'Critical evaluation of design methods for foundations 
under axial uplift and compression', (Ithaca, New York: Cornell University). 
399
 
Stephens, R.E. and Banks, D.U. (1989), 'Moduli of deformation studies of the foundation and 
abutments of Portugues Dam - Puerto Rico', in Khair (ed.), Rock Mechanics as A Guide for 
Efficient Utilization of Natural Resources (Balkema, Rotterdam), 31-38. 
Stroud, M.A. (1974), 'The standard penetration test in insensitive clays and soft rocks', European 
testing on penetration testing (Stockholm), 367-75. 
Terzaghi, K., Peck, R.B., and Mesri, G. (1996), Soil mechanics in engineering practice (3rd edn.: 
Wiley-Interscience) 592 pp. 






EVALUATION OF EXISTING PREDICTIVE MODELS 
 
6.1 Introduction 
The existing predictive models (for calculation of axial resistance and estimation of 
settlement) for design of drilled shafts in rock are reviewed and discussed in Chapter 2. This 
review of technical literature indicates that the existing predictive models are typically based on 
the in situ load tests and thus are empirical. Therefore, the accuracy of these methods depends on 
the number and quality of the drilled shaft load tests in the databases that were used in their 
development. It was mentioned in Chapter 3 that the databases used in the development of these 
design methods contain only a limited number of drilled shaft axial load tests, include a wide 
variety of rock types that range from sedimentary to igneous rocks, where rock unconfined 
compressive strength ranges from extremely soft (i.e., rocks with unconfined compressive 
strength, qu, of 0.25 MPa to 1 MPa) to very strong (i.e., rocks with unconfined compressive 
strength of 100 MPa to 250 MPa and more). 
The performance of existing methods for design of drilled shafts in soft rocks (i.e., qu < 
30 MPa as defined in Chapter 3) has not been evaluated using a state-of-the-art drilled shaft axial 
load test database similar to the one developed in this study (i.e., database of Chapter 3 or 
Appendices A and B). Previous investigators (e.g., Stark et al., 2013), however, have used 
relatively smaller databases to evaluate the existing design models for drilled shafts in soft to 
very soft rocks and Intermediate Geomaterials (IGMs). O’Neill et al. (1996) was interested in the 
axial resistance and axial deformation of drilled shafts in geomaterials that are at the boundary of 
soils and very soft rocks (i.e., intermediate geomaterials or IGMs after O’Neill et al., 1996). 
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O’Neill et al. (1996) concluded that “there is room for improvement in the current methods for 
the design of drilled shafts in IGMs.” Paikowsky et al. (2010) studied the available methods for 
estimation of the bearing capacity of shallow foundations on rock and has shown that the 
coefficient of variation (i.e., c.o.v. = δ = σλ/µλ) of bias (λ) (i.e., ratio of measured to calculated 
resistance) commonly ranges from 0.5 to about 1.24 that indicates these methods are not 
accurate. The Author and colleagues has also studied the behavior of drilled shaft shafts in 
intermediate geomaterials (after O’Neill et al., 1996) and the findings are presented in a technical 
report by Stark et al. (2013) who concluded, based on the comparison of predictions of the 
existing design methods with measured resistances of drilled shafts for a limited number of load 
tests (both drilled shaft and plate load tests) in IGMs, that the existing methods for design of 
drilled shafts in intermediate geomaterials need significant revisions. Stark et al. (2013) showed 
that the coefficient of variation (c.o.v.) of the predicted to measured resistance for side and tip of 
drilled shafts ranged from 0.26 to 0.45. This conclusion is in agreement with the findings of 
O’Neill et al. (1996). 
In the subsequent sections of this chapter, the drilled shaft axial load test databases 
introduced in Chapter 3 (and presented in detail in Appendices A and B) will be used to evaluate 
the exiting design methods. The statistical results will be used to discuss the limitations of the 
available predictive models. Additionally, diagnostic plots (Faraway, 2015) will be used to 
discuss the missing terms in the current design models that contribute to their error of prediction. 
Next, the databases developed by Horvath and Kenney (1979), Rowe and Armitage (1984), 
Paikowsky et al. (2010) and Stark et al. (2013) will be used to reevaluate the same design 
models, when applicable. This allows us to study the effect of load test database on the 
calculated statistics for each predictive method. Finally, we will determine the type of probability 
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distribution functions that will be used to describe the bias for each existing model. These 
probability distribution functions and reliability analysis are used in Chapter 12 to develop 
updated Load and Resistance Factor Design (LRFD) resistance factors (φ). The resulting 
resistance factors (φ) will then be compared with the resistance factors for the methods that are 
proposed in this thesis. 
 
6.2 Approach for Evaluation 
The performance of predictive models may be conveniently evaluated using the statistics 
of bias (λ). Bias is defined as the ratio of measured to predicted unit side resistance (fs), unit tip 
resistance (q or qb), initial shear stiffness (Ksi), initial normal stiffness (Kn) and yield pressure in 





           (6-1) 
 
where Mi and Pi denote the measured and predicted quantity of interest, respectively. If bias (λ) 
is considered to be a random variable, then the main descriptors (Ang and Tang, 2007) of λ for 
the datasets of reference are the mean and coefficient of variation (c.o.v.) of bias (µλ and δλ, 
respectively). The drilled shaft load test databases introduced in Chapter 3 and additional 
external databases (i.e., databases collected by other investigators) are used in this study with the 
Statistical Inference approach (Haldar and Mahadevan, 2000; Ang and Tang, 2007) to obtain 
point estimates of the descriptors mentioned above. For this purpose, sample moments are used 
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to obtain point estimates of mean and variance of bias (λ). The mean of λ (µλ) is estimated using 


















∑          (6-2) 
 
where µλ denotes the point estimate of the mean of the ratio of measured to predicted variable of 
interest and “n” is the number of observations in the datasets used to evaluate each method. 
Similarly, the variance of the ratio of measured to predicted (i.e., M/P) resistance or other 
quantities of interest such as initial normal stiffness or yield pressure is estimated using the 
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where Sλ
2 is the point estimate of the sample variance. The square root of the variance is the 
standard deviation (σ) for bias (λ) for each predictive model. The standard deviation normalized 
by the mean of bias could be considered as a measure of “dispersion” of M/P ratio about its mean 
which indicates how accurate a predictive model is. This normalized value is called the 
coefficient of variation (c.o.v.) for bias (δλ). The coefficient of variation may be calculated using 







           (6-4) 
 
where σλ is the point estimate of the standard deviation of bias and µλ is the point estimate of 
mean of bias. In a more practical sense, δλ is a measure of the accuracy of the predictive model. 
In addition to examination of the statistics of bias (i.e., µλ and δλ) that are discussed 
above, “diagnostic plots” for a selected number of predictive models will also be used to 
determine the missing variables that contribute to the uncertainty and error of estimate of each 
predictive model that is evaluated in this chapter. The “diagnostic plots” (Faraway, 2015) are the 
plots that show the variations of the bias for each predictive method (resistance or deformability) 
with different rock and drilled shaft properties (e.g., DGS, DTOR, B, hc, h, L, φ'm, c'm, Em and qu). 
When diagnostic plots show a clear trend between the bias (λ) and the different intact rock, rock 
mass and drilled shaft properties, those properties may be added to the design model to 
investigate their influence in improving its performance using the stepwise deletion approach 
(Gardoni et al., 2002) that is discussed in Chapter 8. Analysis of the diagnostic plots for the 
existing design models may help to identify limitations of the current design models. 
Furthermore, the diagnostic plots will help in understanding the sources of error in the existing 
models, which can guide the development of improved design models. 
 
6.3 Datasets Used in the Evaluation Process 
The drilled shaft axial load tests available in the published literature (e.g., Rowe and 
Armitage, 1987; Carter and Kulhawy, 1988; Zhang and Einstein, 1998; Rosenberg and 
Journeaux, 1976; Horvath and Kenney, 1979; Pells et al., 1979; Williams, 1980; Kaderabek and 
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Reynolds, 1981; Rowe and Armitage, 1984; Hassan, 1994; O’Neill et al., 1996; Collingwood, 
2000; Miller, 2003; Kulhawy et al., 2005; Kirkit, 2009; Vu, 2013; Stark et al., 2013; Choi et al., 
2015) are commonly carried to different axial displacements. Therefore, the maximum measured 
unit side and/or tip resistance obtained from different drilled shaft load tests may not be readily 
compared or used for evaluation of the design models because these measurements correspond to 
different axial displacement levels. To address these issues and for the purpose of evaluation of 
existing design methods, the drilled shaft load test results reported in Appendices A and B are 
interpreted consistently using the L1-L2 method of Hirany (1988) (that is partly based on the 
definition of failure proposed by Terzaghi, 1943). In the following paragraphs, we discuss the 
different sub-datasets that may be obtained from the databases presented in Chapter 3 and 
Appendices A and B for evaluation of the design models for drilled shafts in soft rock mass. In 
addition to the databases complied by the Author (reported in Chapter 3 and Appendices A and 
B), five other published databases are also used in the evaluation of design models for peak side 
resistance and tip bearing capacity. These databases are: i) Horvath and Kenney (1979) side 
resistance database, ii) Rowe and Armitage (1984) side resistance database, iii) Zhang and 
Einstein (1998) tip resistance database, iv) Paikowsky et al. (2010) tip resistance database 
(mainly for shallow foundations) and v) Stark et al. (2013) databases for side and tip resistance. 
These databases are reproduced from their original publications with minor revisions and are 
summarized in Tables 6.45 to 6.50. The evaluation results using database in Chapter 3 and those 
summarized in Tables 6.45 to 6.50 will then be compared. 
The interpretation of the load test results and the definition of failure stress for side or tip 
resistance is an important topic, which was discussed by Terzaghi (1943), Osterberg (1947), 
Chin (1971), Davisson (1972), Fellenius (1980), O’Rourke and Kulhawy (1985) and Hirany 
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(1988). The definition of failure of rock mass in the vicinity of drilled shaft side and tip is of 
utmost importance because it is used to distinguish the drilled shaft axial load tests in which the 
surrounding soft rock mass approached a state of plastic equilibrium from those that rock mass 
did not experience major changes in its pre-loading structure and fabric. Failure stress in this 
report and for the purpose of evaluation of predictive methods is defined as follows: 
 
Failure stress in side or tip resistance, for the purpose of evaluation of design models, is 
defined as a stress level after which the side resistance or tip resistance will not 
increase, will decrease or will be maintained with additional axial displacement of the 
drilled shaft. 
 
The load tests that mobilized failure in side and/or tip resistance constitute the “quality 
data” in the database of Chapter 3 or in the external databases introduced in Tables 6.45 to 6.50. 
These load tests produce data that are upper-bound limits for the axial resistance of drilled shafts 
in soft rock. The axial drilled shaft load tests that are terminated before failure is materialized in 
rock in the vicinity of side or tip of drilled shaft comprise the “lower-bound data.” These load 
tests set a lower-bound for the drilled shaft behavior in side or tip resistance of drilled shafts 
socketed in soft rock. The databases of Chapter 3, therefore, are used to develop two sub-datasets 
that are used for evaluation of predictive models for peak side resistance and bearing capacity at 
the vicinity of tip of drilled shafts in soft rocks. These databases are described below: 
 
1. Quality sub-dataset: this dataset includes only axial load tests that meet the definition of 
failure as described above for side or tip resistance. 
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2. Lower-bound sub-dataset: the side and tip resistance databases are interpreted based on 
the L1-L2 method of Hirany (1988) (see Figure 6.1) and the q2 pressure and fs2 stress are 
used as the “interpreted failure stress” that represent a lower-bound for the tip and side 
resistances. The values of q2 or fs2 for tip and side resistances, respectively, are 
determined by the Author and are reported in Appendices A and B, respectively. 
 
The sub-datasets discussed above and the databases introduced in Tables 6.45 to 6.50 are 
only intended for the evaluation of predictive methods for peak side resistance and tip bearing 
capacity. These datasets may not be used for evaluation of other predictive models that are 
needed for design of drilled shafts in soft rocks (i.e., initial shear stiffness for side resistance, Ksi, 
yield pressure for tip resistance, qy, and initial normal stiffness for tip resistance, Kn). The 
databases for evaluation of predictive models for Ksi, Kn and qy are discussed below: 
 
1. Dataset for evaluation of initial shear stiffness (Ksi) in side resistance: the back-calculated 
initial shear stiffness (Ksi) of shear surfaces on the walls of rock sockets from the results 
of axial load tests (see Chapter 3 or Appendix B) are used to evaluate the existing models 
for initial shear stiffness in side resistance (Ksi). 
2. Dataset for evaluation of normal stiffness (Kn) in tip resistance: the normal stiffness (Kn) 
is back-calculated from the q-z relationships and is reported in Appendix A for each case 
history. The predictive methods for normal stiffness (Kn) are compared with back-
analyzed Kn. 
3. Dataset for evaluation of predictive methods for yield pressure (qy): the yield pressure 
(qy) is defined as a pressure at which the q-z relationship becomes nonlinear (see Chapter 
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3 or Chapter 9). The q1 pressure from Hirany (1988) is used to define and represent the 
yield pressure. The back-calculated qy is compared with the predicted values of yield 
pressure using the predictive methods from the literature. 
 
6.4 Evaluation of Models for Initial Shear Stiffness in Side Resistance (Ksi) 
The initial shear stiffness for rock joints has been studied extensively by previous 
investigators (e.g., Bandis, 1980; Bandis et al., 1983; Yoshinaka and Yamabe; 1986). The 
problem of determination of the initial shear stiffness (Ksi) in side resistance of rock socket 
drilled shafts in soft rock, however, has not been explored in detail. Therefore, it is necessary that 
the existing models for the prediction of initial shear stiffness be evaluated against the back-
calculated initial shear stiffness (Ksi) from the results of drilled shaft load tests that are reported 
in Appendix B. One of the most widely used and cited correlations is that of Randolph and 
Wroth (1978) that is discussed in the previous chapters of this thesis. The proposed model of 






           (6-5) 
 
where Ksi denotes the initial shear stiffness in side resistance of drilled shafts, Gm is the shear 
modulus of geomaterial while accounting for the properties of the rock mass and r is the radius 
of the drilled shaft (i.e., B/2 where B is the diameter of the drilled shaft). The shear modulus of 
rock mass (Gm) can be related to the modulus of deformation (Em) of rock mass using the 






2 × (1+ ν)
          (6-6) 
 
where Em is the modulus of deformation of rock mass and ν is the Poisson’s ratio. Hirayama 
(1990) proposed an empirical design model for estimation of the initial shear stiffness (Ksi) in 





          (6-7) 
 
where fsp is the peak side resistance and B is the diameter of the drilled shaft. Hirayama (1990) 
recognizes that the value at which peak side resistance is developed can range from 0.1% to 
0.5% of the drilled shaft diameter (B). The peak shear stress must be determined before this 
model can be used. This introduces additional uncertainty because current predictive methods for 
peak side resistance are not accurate as suggested by comparison of these methods with the new 
side resistance database later in this chapter. 
These predictive models are evaluated herein in terms of the mean and coefficient of 
variation (c.o.v.) of the ratios of measured to predicted initial shear stiffness (µλ and δλ, 
respectively). It must be noted that the measured (i.e., back-calculated) initial shear stiffness 
values are obtained from the back-calculated t-z relationships reported in the side resistance 
database (Appendix B or Chapter 3) and following the procedure that is outlined in Chapter 3 or 
Chapter 11. The evaluation results are summarized in Tables 6.1 and 6.2. The bias (i.e., ratio of 
the measured to predicted initial shear stiffness) is also plotted against different variables from 
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the side resistance database (Appendix B) and is shown in Figures 6.2a and 6.3a. The 
comparison of the measured (i.e., back-calculated) and predicted initial shear stiffness is shown 
in Figure 6.2b and 6.3b. The following observations can be made: 
 
1. Tables 6.1 and 6.2 show the statistics of bias (λ) for initial shear stiffness (Ksi). The 
statistics of bias are calculated and grouped based on the condition of soft rock mass in 
which the drilled shafts have been constructed. These are rock masses with 70 < GSI < 
50, 50 < GSI < 35 and GSI < 35. GSI, for this analysis and all subsequent analyses in this 
chapter, is estimated for each case history following the procedure that is described in 
Chapter 3. 
2. Table 6.1 shows that the method of Randolph and Wroth (1978) underestimates the initial 
shear stiffness (Ksi) for the drilled shafts in rocks with GSI smaller than 35. The analysis 
also shows that the variability in the predictions using the method of Randolph and Wroth 
(1978) is considerably larger for very weathered and jointed soft rock mass (i.e., GSI < 
35) as compared to better quality rocks. The predictive method of Hiarayama (1990) is 
unconservative for soft rock masses with GSI between 35 and 50. The variability of the 
predictions also is considerably larger for more weathered soft rocks as is the case for the 
method of Randolph and Wroth (1978). The comparisons of the predicted and measured 
values of the initial shear stiffness for these two methods are shown in Figures 6.2b and 
6.3b. 
3. The variations of bias for the predictions of the methods of Randolph and Wroth (1978) 
and Hirayama (1990) with different properties of soft rock mass and drilled shaft 
geometry are shown in Figures 6.2a and 6.3a. These figures show that the error of 
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prediction of these methods for initial shear stiffness varies significantly with the 
diameter of the drilled shaft (B), depth of embedment (DGS) (or equivalently the degree of 
confinement of the side of the drilled shaft), the normal stiffness of the surrounding rock 
mass (Kn) and the unconfined compressive strength of the soft rock (qu). 
4. The correlation between the bias in the predictions of the methods of Randolph and 
Wroth (1978) and Hirayama (1990) and soft rock mass properties and drilled shaft 
characteristics indicates that additional properties of the drilled shaft geometry and soft 
rock mass mechanical properties should be accounted for in the predictive models. 
5. In addition to the possibility of existence of missing parameters in the current predictive 
models, the strong correlation between the bias and soft rock properties and the drilled 
shaft geometry may results from model inexactness, meaning that the mathematical form 
of the current predictive models may not accurately describe the actual variation of initial 
shear stiffness with rock and drilled shaft properties. 
 
6.5 Evaluation of the Models for Peak Shear Stress in Side Resistance (fsp) 
A number of models for prediction of side resistance are reviewed in Chapter 2. These 
models are commonly simple functions of unconfined compressive strength (qu) of soft rock. 
Two general mathematical forms are often used to model the variation of the back-calculated 
peak side resistance with unconfined compressive strength (qu). These general forms state that: i) 
peak side resistance is a function of a constant times qu that constitutes the linear case and ii) side 
resistance is a power function of qu. A selected number of proposed methods for peak side 
resistance of drilled shafts in rock are summarized in Table 6.3 for the purpose of evaluation. 
The side resistance database includes 317 drilled shaft load test case histories in soft rocks. The 
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side resistance database includes both quality and lower-bound data. The methods for prediction 
of the peak side resistance are evaluated using the quality and the lower-bound data. The models 
summarized in Table 6.3 are also evaluated using the external databases that are summarized in 
Tables 6.46, 6.48 and 6.49. 
 
6.5.1 Evaluation of peak side resistance methods: quality data 
The quality data in this study refer to the load tests where failure in side resistance is 
materialized. The failure for side resistance (fsp) is defined when additional increase in local 
displacements on the mobilized shear surface on the perimeter of rock socket will result in a 
reduction or maintenance of fs. The measured peak side shear stress (fsp) for each case is obtained 
from the t-z relationship for that case history that is back-calculated from the results of drilled 
shaft load tests. The predictive methods summarized in Table 6.3 are then applied to the quality 
side resistance database to obtain the predicted values of peak side resistance. These values are 
used to define the ratios of measured to predicted peak side resistance. The statistical approach 
described in the previous section is used to obtain µλ, σλ and δλ. The results are summarized in 
Tables 6.4 to 6.16 (using load tests database of Chapter 3) and the variation of bias with different 
properties of the soft rock mass and drilled shaft for a number of representative methods are 
summarized in Figures 6.4a to 6.8a. The measured and predicted values of fsp for those same 
models are shown in Figures 6.4b to 6.8b. The observations and findings from these studies are 
summarized below: 
 
1. Tables 6.4 to 6.16 show the statistics of the bias for peak shear stress. The statistics of 
bias are calculated and grouped based on the condition of the soft rock mass in which the 
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drilled shafts have been constructed. These are rock masses with 70 < GSI < 50, 50 < GSI 
< 35 and GSI < 35. 
2. Examination of these statistics reveals that for all methods evaluated herein, the accuracy 
of the predictions will decrease as the soft rock mass becomes more fractured and 
weathered. 
3. Some of the methods overestimate and some underestimate the peak shear stress (fsp). 
4. It is also observed that the accuracy of the predictive models does not improve with the 
level of sophistication of the proposed model. For example, Seidel and Collingwood 
(2001) proposed a mechanistic model that accounts for the roughness of the interface, 
rock mass properties and drilled shaft geometry. Comparison of the δλ for this method 
with less sophisticated models does not show significant improvements. This is because 
the failure mechanism assumed in the model of Seidel and Collingwood (2001) does not 
represent the actual failure mechanism. Seidel and Collingwood’s model implies that the 
shear surface forms at the rock/concrete interface. In situ observations (e.g., Williams, 
1980; Hassan et al., 1997), however, show that shear surface is more likely to form 
within the rock mass rather than at the rock concrete interface, especially in the case of 
drilled shafts with rough interfaces. 
5. Comparison of the bias of the predictions using available predictive models with rock 
mass and drilled shaft geometry in Figures 6.4a to 6.8a shows that the prediction error 
changes significantly with rock mass and drilled shaft properties and thus models that 
only account for the unconfined compressive strength (qu) of the intact rock may not be 
able to properly capture the development of peak side shear stress. These figures show 
that in addition to qu, drilled shaft diameter (B), normal stiffness of the surrounding rock 
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mass (Kn), length of the concrete/soft rock interface (L) and the friction angle of the rock 
mass (φ'm) are important and should be accounted for. It is interesting to note that the 
roughness of the interface is not strongly related to the peak side resistance of drilled 
shafts in soft rock. 
6. Inspection of the variation of the bias (λ) with soft rock and drilled shaft geometry for the 
method of Hassan (1994) does not show significant trends because method of Hassan 
(1994) accounts for many of the rock mass and drilled shaft properties that are missing in 
other predictive models. 
7. In addition to the possibility of existence of missing parameters in the current predictive 
models and their contribution to error of estimate, the strong correlation between the bias 
and rock and drilled shaft geometry may result from model inexactness, meaning that the 
mathematical form of the current predictive models may not accurately describe the 
actual variation of initial shear stiffness with rock and drilled shaft properties. 
 
6.5.2 Evaluation of peak side resistance methods: lower-bound data 
Some of the load tests in the side resistance database of Chapter 3 (or Appendix B) have 
not been carried to failure and thus the maximum back-calculated values of side resistance 
obtained from these cases constitute the lower-bound data. To include these load tests for the 
evaluation of the side resistance models, all load tests are interpreted consistently using the L1-
L2 approach of Hirany (1988) and fs2 (corresponding to q2 from L1-L2 method) is used for 
evaluation of the side resistance models. The values of side resistance so obtained are considered 
lower-bound values to actual peak shear stress that would have been mobilized with larger shear 
displacement. The statistical approach described in the previous section is used to obtain µλ, σλ 
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and δλ for the ratio of measured to predicted side resistance using the lower-bound database. The 
results of the analyses are summarized in Tables 6.17 to 6.28. The findings and the observations 
are discussed below: 
 
1. Tables 6.17 and 6.28 show the statistics of the bias for peak shear stress using the lower-
bound data. The statistics of bias are calculated and grouped based on the condition of the 
soft rock mass in which the drilled shafts have been constructed. These are rock masses 
with 70 < GSI < 50, 50 < GSI < 35 and GSI < 35. 
2. Similar to the previous analysis, statistics shown in these tables show that the accuracy of 
the design models decreases with decrease in the quality of the rock mass. This is a 
further confirmation that the models that do not account for the in situ rock mass 
condition cannot properly predict the behavior of drilled shafts in weathered rock masses. 
3. The analysis results further show that the c.o.v. of bias (δλ) for the more sophisticated 
methods is comparable to the simpler methods. This observation may be interpreted as 
follows: i) the mechanistic models (e.g., Hassan, 1994; Seidel and Collingwood, 2001) 
are based on laboratory direct shear tests on artificial rocks and/or the results of 
numerical analysis and thus may not properly reflect the correct behavior of the shear 
surfaces that form on the perimeter of rock sockets, ii) the mathematical form of the 
models do not properly indicate the variations of the peak side resistance and other drilled 
shaft and soft rock properties, iii) the current predictive models for the rock mass 
properties (e.g., rock mass friction angle and modulus of deformation) contribute to the 
error of prediction for peak side resistance and iv) the assumed location of the shear plane 




6.5.3 Evaluation of peak side resistance methods: external databases 
Three published external databases for side resistance of drilled shafts in rocks are 
studied and are summarized in Tables 6.46, 6.48 and 6.49. These databases are compiled by 
Horvath and Kenney (1979), Rowe and Armitage (1984) and Stark et al. (2013). The evaluation 
results are shown in Table 6.51. The following observations may be made based on the study of 
these databases and results shown in Table 6.51: 
 
1. The number of load tests in these external databases is considerably less than the side 
resistance database introduced in Chapter 3 (also see Appendix B). 
2. The variability in the properties of the rock mass and drilled shaft geometry in the 
external databases is less than that of Chapter 3 (also see Appendix B). 
3. It is therefore noted that the c.o.v. of the bias evaluated using external databases is 
considerably smaller that those obtained from database of Chapter 3 (also see Appendix 
B). 
4. The larger values of the c.o.v. of the bias using the database of Chapter 3 indicates that 
the existing models’ overall ability to predict peak side shear stress decreases as the 
variability in the database increases. This indicates that many of these predictive models 
are “site specific” and perform poorly when applied to results of drilled shaft load tests at 
other sites. This is because these models lack the fundamental parameters that govern the 
development of peak side resistance. 
5. The developed statistics for the design models, therefore, are heavily dependent on the 
nature of the database. It is the opinion of the Author that databases such as those of 
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Horvath and Kenney (1979), Rowe and Armitage (1984) and Stark et al. (2013) should be 
used with caution for development of model statistics for use in calibration of the LRFD 
resistance factors for use in Load and Resistance Factor Design (LRFD) framework. This 
is because such databases offer an inaccurate picture of the ability of the existing models 
for prediction of the peak side resistance. 
6. In the light of the above observations, a database with a representative degree of 
variability in the drilled shaft and soft rock characteristics is recommended for 
development of model statistics for code calibration purposes. The database developed in 
Chapter 3 meets this criterion until a more suitable (i.e., larger and more comprehensive) 
database becomes available. 
 
6.6 Evaluation of Models for Initial Normal Stiffness in Tip Resistance (Kn) 
Similar to the initial shear stiffness (Ksi) of rock socketed drilled shafts, the initial normal 
stiffness (Kn) for the tip of drilled shafts in soft rock mass has not been studied rigorously. Lee et 
al. (2013) developed a model for prediction of the normal stiffness of drilled shaft tip in rocks. 
Pells and Turner (1979), Goodman (1980) and Jeong et al. (2010) developed models for 
prediction of load-displacement behavior of shallow and drilled shaft foundations in rocks that 
may be used to obtain correlations for prediction of initial normal stiffness for the tip of drilled 
shafts. These methods are summarized in Table 6.29. These methods, however, have not been 
evaluated for drilled shafts in soft rock. The method of Goodman (1980) may be used to develop 




c × (1− ν2 )× r




where Em is the modulus of deformation of soft rock mass, c is a constant that depends on the 
boundary conditions (Goodman, 1980) and is equal to π/2 if the foundation can be shown to 
behave as a rigid structure compared to the soft rock or 1.7 if the foundation is a flexible 
structure compared to the soft rock mass (Goodman, 1980), ν is the Poisson’s ratio that can be 
obtained from the recommendations in Chapter 5 and r is the radius of the foundation (i.e., B/2). 
It must be emphasized that the values of c proposed by Goodman (1980) were originally 
intended for use in back-analysis of results of plate load tests. The performance of the above 
correlation will be evaluated for drilled shafts in soft rock mass. 
Pells and Turner (1979) also used a similar method to that proposed by Goodman (1980). 
Pells and Turner (1979), however, add a correction factor to account for the effect of embedment 
depth on load-displacement behavior of the tip of drilled shafts in rock mass. The proposed 
method of Pells and Turner (1979) can be modified to obtain a correlation for initial normal 




c × (1− ν2 )× r × ηembed
         (6-9) 
 
where ηembed is the correction factor for embedment. This is a theoretical factor that is a function 
of Poisson’s ratio (ν) of rock and depth of embedment in rock to diameter ratio (DTOR/B). ηembed 
ranges from 0.4 to 1.0 for DTOR/B ratios of 0 to 10 (Pells and Turner, 1979). 
Lee et al. (2013) proposed a predictive model for the initial normal stiffness (Kn) for the 
tip of drilled shafts in rock masses. The method is semi-empirical because it was formulated 
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based on parametric studies performed using numerical models and was calibrated using a drilled 
shaft load test database that was reported by Lee et al. (2013). This model accounts for the rock 















⎠⎟        (6-10) 
 
where Kn is the normal stiffness of the rock mass in units of MPa/mm, Em is the modulus of 
deformation of rock mass, S is the discontinuity spacing, Bref = 1.0 m, Pa is the atmospheric 
pressure (= 0.101 MPa) and B is the diameter of the drilled shaft. The mean discontinuity 
frequency per meter (i.e., 1/S) may be obtained from the following expression proposed by Priest 
and Hudson (1976) 
 
RQD =100× e−0.1×Λdiscont × (0.1× Λdiscont +1)        (6-11) 
 
where RQD is the rock quality designation and Λdiscont is the discontinuity frequency. RQD can 
be converted to GSI using the recommendations of Hoek et al. (2013). 
These methods are evaluated herein using the mean (µλ) and coefficient of variation, 
c.o.v., (δλ) of ratios of back-calculated to predicted initial normal stiffness for the tip of drilled 
shafts in soft rock masses from the database reported in Appendix A and Chapter 3. It must be 
emphasized that the back-calculated initial normal stiffness values are obtained from the back-
calculated q-z relationships reported in the tip resistance database (see Appendix A for q-z 
relationships). The analysis results are summarized in Tables 6.30 to 6.32 and the diagnostic 
420
 
plots are shown in Figures 6.9a and 6.10a. The measured and predicted values of the tip normal 
stiffness (Kn) are compared in Figures 6.9b and 6.10b. The findings and summary of 
observations are discussed below: 
 
1. The review of statistics of bias shows that all three initial normal stiffness models that are 
evaluated in this section underestimate the initial normal stiffness by a large margin. 
2. The c.o.v. of the bias for predictive models for initial normal stiffness does not show a 
clear trend with the condition of rock mass. However, study of the statistics of bias for 
the models of Pells and Turner (1979) and Lee et al. (2013) suggests that these models 
tend to become less accurate as the rock becomes more fractured (i.e., as the GSI values 
decrease). 
3. The examination of variation of bias (λ) with the properties of rock mass and drilled shaft 
geometry (Figures 6.9a and 6.10a) indicates a strong correlation between bias and drilled 
shaft diameter (B), unconfined compressive strength of intact rock (qu), geological 
strength index (GSI) and rock mass friction angle (φ'm). 
 
6.7 Evaluation of Models for Yield Pressure in Tip Resistance (qy) 
Technical literature does not offer much guidance on the estimation of qy. The Author 
and colleagues proposed an empirical method for q-z relationship for drilled shafts in soft rock 
that is presented in a technical report by Stark et al. (2013). The proposed design equation is 
shown below (after Stark et al., 2013) 
 
q = 3.2× z / B
z / B+1.3




The depth factor has been eliminated from the original equation proposed by Stark et al. 
(2013) because in situ drilled shaft and plate load tests in soft Sydney siltstone by Williams 
(1980) have shown that the shear surface under the tip of the drilled shaft does not extend above 
the base of drilled shafts (also see discussion in Chapters 9 and 10). Examination of the method 
of Stark et al. (2013) shows soft rock mass under the tip of drilled shafts yields (i.e., tip stress 
and displacement relationship becomes nonlinear) at a tip displacement of about 0.7% of drilled 
shaft tip diameter (B). This observation is in agreement with data presented in Chapters 9 and 10 
that shows qy pressure determined from Hirany (1988) L1-L2 method is approximately 
mobilized at a displacement of 0.9% of B. Therefore, evaluating equation 6-12 at a z/B ratio of 
approximately 0.7% yields the following model for qy 
 
qy =1.1× qu            (6-13) 
 
This method is evaluated in terms of the mean (µλ) and coefficient of variation, c.o.v., 
(δλ) of ratios of measured (back-calculated) to predicted yield pressure for tip resistance. It must 
be emphasized that the back-calculated yield pressure values are obtained from the back-
calculated q-z relationships reported in the tip resistance database (see Chapter 3 or Appendix 
A). The analysis results are summarized in Table 6.33 and the diagnostic plots are shown in 
Figure 6.11a. Figure 6.11b shows the comparison of the back-calculated and predicted values of 
yield pressure (qy) for soft rock mass under the tip of drilled shafts. The findings and summary of 




1. Evaluation of the statistics of the yield pressure model based on the work of Stark et al. 
(2013) shows that the model underestimates the yield pressure by a large margin for very 
fractured rock mass (i.e., GSI  < 35). 
2. The examination of the c.o.v. of the bias shows that this method becomes less accurate as 
the rock mass becomes more weathered and jointed. 
3. The examination of the variation of the bias with the properties of the rock mass and 
drilled shaft indicates that error of estimate is correlated to the geological strength index 
(GSI), rock mass friction angle (φ'm) and the rock mass cohesion intercept (c'm). This 
indicates that the yield pressure of rock mass may not be predicted based on only the 
properties of the intact rock and that it is affected by the rock mass properties as well. 
 
6.8 Evaluation of Models for Bearing Capacity (qb) 
The existing predictive models for bearing capacity at the tip of drilled shafts (i.e., tip 
resistance) are reviewed in Chapter 2. Three general mathematical forms are commonly used to 
develop models for tip resistance of drilled shafts in rock. Tip resistance models can be described 
as follows: i) tip resistance is linearly related to the unconfined compressive strength (qu), ii) tip 
resistance is a power function of unconfined compressive strength (qu) and iii) tip resistance is 
piecewise function. These models are summarized in Table 6.34. 
Most of the drilled shaft load tests in the tip resistance database (see Chapter 3 or 
Appendix A) have been terminated before the development of a state of plastic equilibrium in 
rock mass near their tip. This was shown by excavation of drilled shaft and plate load tests in 
Sydney weathered siltstone by Williams (1980). Therefore, quality data are scarce for evaluation 
of the tip resistance predictive models. To develop a lower-bound database for consistent 
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evaluation of the proposed tip resistance models by other investigators, the method of Hirany 
(1988) that is based on Terzaghi (1943) definition of failure is applied to the tip resistance load-
displacement relationships (q-z relationships) of tip resistance database. According to this 
method, two tangent lines are drawn to the initial and final linear portions of the q-z relationship 
(see Figure 6.1) for each case history. The point of tangency of the second tangent line to the 
final linear portion of the q-z relationship is called “q2” or the “interpreted failure pressure” in 
tip resistance (this pressure is later referred to as fracture initiation pressure in Chapters 9 and 10, 
this pressure is obtained according to the method of Terzaghi, 1943 and Hirany, 1988). It should 
be noted that this is an “interpreted” failure pressure and does not correspond to a state of plastic 
equilibrium in the rock mass and can be considered as a lower-bound for the bearing capacity of 
drilled shafts in soft rock. It will be shown in Chapter 9 that this pressure corresponds to the 
initiation of new cracks in the rock mass and under the drilled shaft tip. Point estimates of the 
mean and coefficient of variation of ratios of back-calculated (i.e., q2 stress obtained from q-z 
relationships) to the predicted tip resistance using predictive models are obtained following the 
method described in Section 6.2. The mean value of bias (µλ) can be used to draw conclusions on 
the degree of conservatism of each predictive method. The coefficient of variation (c.o.v.) of bias 
(δλ) can be used to draw conclusion on the accuracy of each design method and the degree of 
dispersion of predictions about a central mean value (µλ). The analysis results are summarized in 
Tables 6.35 to 6.44 for the full database. The case histories where unconfined compressive 
strength was less than 0.1 MPa were then eliminated and the predictive methods are reevaluated. 
These results are also shown in Tables 6.35 to 6.44. These additional analyses are done to 
investigate the effect of very soft rocks on the statistics for qb. The diagnostic plots (i.e., plots of 
bias versus rock mass and drilled shaft properties) are shown in Figures 6.12a to 6.17a. The 
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comparisons of the measured and predicted tip resistances are shown in Figures 6.12b to 6.17b. 
The findings and results are discussed below: 
 
1. The c.o.v. of bias increases as the rock becomes more fractured (i.e., as the GSI 
increases). This indicates that accuracy of the predictive methods decreases as the rock 
quality degrades or the degree of weathering and alteration increases. 
2. The tip resistance predictive models evaluated in this study commonly underestimate the 
tip resistance of drilled shafts by a large margin. The method of Teng (1962) and Rock 
Foundations (1994) that is based on Sowers (1979) represent the extreme cases herein 
where µλ for these methods ranges from 17 to 262. 
3. Evaluation of the design models based on the database that excludes the case histories 
with rocks with qu < 0.1 MPa shows significant improvement in the c.o.v. of bias. This 
indicates that the behavior of drilled shafts in very soft rocks (i.e., qu < 0.1 MPa) and 
those in soft rocks might be different and thus should be distinguished for design 
purposes. These very low values of qu could correspond to the cases where the rock 
specimens are extremely fractured and as a result a premature failure might have 
occurred in the unconfined compression strength tests. 
4. Examination of the variation of the bias with properties of rock mass and drilled shaft 
indicates that the error of estimate is correlated to the drilled shaft diameter (B), 
unconfined compressive strength (qu), friction angle (φ'm) and cohesion intercept of the 
rock mass (c'm) and geological strength index (GSI). This indicates that using only the 
intact properties of rock mass is not sufficient for the prediction of the tip resistance of 
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drilled shafts in soft rock mass. This, however, may be more problematic in the case of 
drilled shafts in stronger rock masses. 
5. The mathematical form of the predictive methods for tip resistance are not selected 
carefully and do not reflect the observed trends for ultimate tip resistance of drilled shafts 
in soft rock. 
6. The number of available load tests that result in quality data is small. Therefore, the 
behavior of drilled shafts when the rock mass near the tip approaches the state of plastic 
equilibrium is not very well understood. 
7. The methods used to perform load tests are not consistent among all case records that are 
included in the drilled shaft load test database and thus may contribute to the error of 
estimate for each predictive method. 
8. The construction methods for the drilled shafts are not consistent among all load test case 
histories that are included in the original drilled shaft load test databases which 
introduces another source for the scatter in the data. 
 
The design models that are summarized in Table 6.34 for bearing capacity of drilled 
shafts are also evaluated using external drilled shaft load test databases by Zhang and Einstein 
(1998), Paikowsky et al. (2010) and that first reported in Stark et al. (2013). These databases are 
reported from their original publications in Tables 6.45, 6.47 and 6.50. The evaluation results are 
summarized in Table 6.52. The findings based on the evaluation of design models using external 




1. Similar to methods for prediction of side resistance of drilled shaft in soft rock masses, 
some of the methods for bearing capacity underestimate and some overestimate the 
bearing capacity of drilled shafts in soft rocks. 
2. The c.ov. of the bias based on the external databases summarized in Tables 6.45, 6.47 and 
6.50 is smaller than the c.o.v. of the design models using the more comprehensive 
database developed in Chapter 3 (also see Appendix A). 
3. The larger values of the c.o.v. of the bias using the database of Chapter 3 indicates that 
the existing models’ overall ability to predict bearing capacity decreases as the variability 
in the database increases. This indicates that many of these predictive models are “site 
specific” and fundamental parameters that govern the tip resistance are missing in their 
formulation and thus perform poorly when applied to results of drilled shaft load tests at 
other sites. 
4. The developed statistics for the design models, therefore, are heavily dependent on the 
nature of the database. It is the opinion of the Author that databases such as those of 
Zhang and Einstein (1998), Paikowsky et al. (2010) and Stark et al. (2013) should be 
used with caution for development of model statistics for use in calibration of resistance 
factors for use in Load and Resistance Factor Design (LRFD) framework. This is because 
such databases offer an incomplete picture of the ability of the existing models for 
prediction of the tip resistance. 
5. In the light of the above observations, a database with a representative degree of 
variability in the drilled shaft and soft rock characteristics is recommended for 
development of model statistics for code calibration purposes. The database developed in 
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Chapter 3 (also see Appendix A) meets this criterion until a more suitable database 
becomes available. 
 
6.9 Probability Distribution Types for Bias for Existing Methods 
Probability distribution functions are often used to describe the variation of bias for each 
predictive method and are required for calibration of the resistance factors (Paikowsky et al., 
2010; Barker and Puckett. 2013). The ratios of measured (back-calculated) to predicted side and 
tip resistances (i.e., bias) that are developed based on the drilled shaft load test databases of 
Chapter 3 (see also Appendices A and B) are used to develop histograms to evaluate the 
suitability of two commonly used probability distribution functions to describe the variation of 
bias. These are normal and logarithmic normal (also referred to as lognormal) probability 
distribution functions. The normal probability distribution is used when the histogram of the bias 
is symmetric about the mean value and may be expressed mathematically as shown below (after 






















             -∞<λ<∞      (6-14) 
 
The lognormal probability distributions function is used when the data distributions are 
nonsymmetrical (Barker and Puckett, 2013) and when the data cannot take negative values. The 























             λ ≥ 0      (6-15) 
 
where ζ and θ are the parameters of distribution for the lognormal probability distribution 
function. Figures 6.18 to 6.40 shows that a lognormal probability distribution function can best 
describe the bias for all exiting models. Therefore, the statistics developed for bias in the 
previous sections for unit side resistance and tip bearing capacity of the existing models and the 
corresponding lognormal probability distribution functions will be used to calibrate resistance 
factors for these existing methods using a First Order Reliability Method (FORM) in Chapter 12. 
 
6.10 Concluding Remarks 
The predictive models for peak side resistance (fsp), tip resistance (qb), initial normal 
stiffness for tip of drilled shafts (Kn), initial shear stiffness of the rock sockets (Ksi) and the yield 
pressure for the tip of drilled shafts (qy) in soft rock mass are evaluated using the drilled shaft 
load test databases that are introduced in Chapter 3 and Appendices A and B and using external 
drilled shaft load test databases that are summarized in Tables 6.45 to 6.50. The performance of 
drilled shaft design models discussed above are examined in terms of the statistics (µ, σ and δ) of 
the bias (λ) that is the ratio of the measured (i.e., back-calculated) to predicted values of interest 
(i.e., Ksi, fsp, Kn, qy and qb). The correlation between bias (λ) and the rock and drilled shaft 
properties are evaluated using diagnostic plots. And probability distribution functions are 
proposed to describe bias for use in calibration of resistance factors in Chapter 12. The following 




1. The analysis of statistics of bias for the predictive models shows that the available models 
are biased. Some over-predict and some under-estimate the values that are needed for 
design purposes (i.e., Ksi, fsp, Kn, qy and qb). Therefore, the methods that are conservative 
lead to conservative designs and will lead to designs that are not economical. Those 
methods that over-predict will lead to unsafe designs. 
2. A general trend could be observed between the accuracy of the models and the condition 
of the rock mass. In general, as the rock mass becomes more weathered and fractured, the 
model predictions become increasingly inaccurate as indicated by the c.o.v. of the bias 
for each method. This is especially true for the methods that are based only on the 
properties of intact rock. 
3. The diagnostic plots indicate bias (i.e., ratio of the measured to predicted values of 
interest) shows strong correlations with the properties of the rock mass and the drilled 
shaft geometry as well as intact rock properties. This correlation is maximized for the 
methods that relate Ksi, fsp, Kn, qy and qb to only one variable. 
4. The observed trends in the diagnostic plots indicates that current models need to be 
augmented with additional terms or new models with better mathematical forms need to 
be adopted. 
5. The large c.o.v.’s (δλ) reported in this chapter can have multiple sources: i) inaccuracy of 
the models that are used to predict the rock mass properties, ii) model inexactness and iii) 
inherent uncertainties in the load test results and measured rock mass properties. 
6. Small databases such as the external databases summarized in Table 6.45 to 6.50 
commonly lead to inaccurate conclusions regarding the ability of the existing design 
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models to predict side and tip resistances of drilled shafts. These databases should be 
used with caution in calibration of LRFD resistance factors. 
7. Analysis showed that the bias for side and tip resistance predictive models can best be 











Table 6.1 Evaluation of the method of Randolph and Wroth (1978) for prediction of the 
initial shear stiffness (Ksi) of drilled shafts in soft rock mass 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 40 0.63 1.01 1.61 
50<GSI<35 159 0.84 1.23 1.46 
GSI<35 152 2.70 5.39 1.99 












Table 6.2 Evaluation of the method of Hirayama (1990) for prediction of the initial shear 
stiffness (Ksi) of drilled shafts in soft rock mass (based on load test data from 
literature) 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 2.13 4.44 2.08 
50<GSI<35 89 0.92 1.32 1.43 
GSI<35 94 2.14 7.47 3.49 





Table 6.3 Summary of side resistance predictive models 
Reference Mathematical model Comments 
Rosenberg and Journeaux 
(1976) 
fsp = 0.362 × qu(MPa)[ ]0.52  based on the regression 
analysis of Kulhawy et al. 
(2005) 
Horvath and Kenney (1979) fsp = a × qu(MPa)  a = 0.2 to 0.25 for large 
diameter drilled shafts 
a = 0.25 to 0.33 for small 
diameter drilled shafts 
Pells et al. (1979) fsp = a × qu  a = 0.2 
Williams (1980) fsp = 0.43× qu (MPa)⎡⎣ ⎤⎦
0.37
 based on the regression 
analysis of Kulhawy et al. 
(2005) 
Kaderabek and Reynolds 
(1981) 
fsp = 0.3×qu   
Rowe and Armitage (1984) fsp = 0.45× qu(MPa)  for smooth shaft/rock interface 
Carter and Kulhawy (1988) fsp = 0.2× qu (MPa)  
 
Hassan (1994) fsp =α×qu  α is a function of unconfined 
compressive strength and 
initial normal stress 
Seidel and Collingwood 
(2001) 
fsp =α×qu  SRC = ηc





Miller (2003) fsp = 0.4× qu (MPa)  
 
Kulhawy et al. (2005) fsp = 0.317× qu (MPa)   











Table 6.4 Evaluation of the peak side resistance model of Rosenberg and Journeaux (1976) 
using the quality data (based on load test data from literature) 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 1.12 0.78 0.69 
50<GSI<35 103 2.41 1.94 0.81 
GSI<35 159 0.77 0.63 0.82 












Table 6.5 Evaluation of the peak side resistance model of Horvath and Kenney (1979) using 
the quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 1.71 1.19 0.70 
50<GSI<35 103 3.60 2.91 0.81 
GSI<35 159 1.11 0.91 0.82 












Table 6.6 Evaluation of the peak side resistance model of Pells et al. (1979) using the 
quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 0.62 0.42 0.68 
50<GSI<35 103 2.08 1.54 0.74 
GSI<35 159 1.89 1.55 0.82 












Table 6.7 Evaluation of the peak side resistance model of Williams (1980) using the quality 
data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 1.39 0.99 0.71 
50<GSI<35 103 2.57 2.12 0.83 
GSI<35 159 0.61 0.52 0.85 












Table 6.8 Evaluation of the peak side resistance model of Kaderabek and Reynolds (1981) 
using the quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 0.41 0.28 0.68 
50<GSI<35 103 1.38 1.03 0.74 
GSI<35 159 1.26 1.03 0.82 












Table 6.9 Evaluation of the peak side resistance model of Rowe and Armitage (1984) using 
the quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 0.95 0.66 0.70 
50<GSI<35 103 2.00 1.62 0.81 
GSI<35 159 0.62 0.51 0.82 












Table 6.10 Evaluation of the peak side resistance model of Carter and Kulhawy (1988) using 
the quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 2.14 1.49 0.70 
50<GSI<35 103 4.50 3.64 0.81 
GSI<35 159 1.39 1.14 0.82 












Table 6.11 Evaluation of the peak side resistance model of Hassan (1994) for rough 
interfaces using the quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 0.25 0.17 0.68 
50<GSI<35 103 0.83 0.62 0.74 
GSI<35 159 0.75 0.62 0.82 












Table 6.12 Evaluation of the peak side resistance model of Hassan (1994) for smooth 
interfaces using the quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 6.47 6.26 0.97 
50<GSI<35 85 9.47 9.43 1.00 
GSI<35 158 3.35 3.59 1.07 












Table 6.13 Evaluation of the peak side resistance model of Seidel and Collingwood (2001) 
using the quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 0.64 0.58 0.90 
50<GSI<35 103 1.65 1.14 0.69 
GSI<35 159 1.25 1.11 0.89 












Table 6.14 Evaluation of the peak side resistance model of Miller (2003) using the quality 
data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 1.07 0.74 0.70 
50<GSI<35 103 2.25 1.82 0.81 
GSI<35 159 0.69 0.57 0.82 












Table 6.15 Evaluation of the peak side resistance model of Kulhawy et al. (2005) using the 
quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 1.35 0.94 0.70 
50<GSI<35 103 2.84 2.30 0.81 
GSI<35 159 0.87 0.72 0.82 












Table 6.16 Evaluation of the peak side resistance model of Stark et al. (2013) using the 
quality data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 17 0.41 0.28 0.68 
50<GSI<35 103 1.38 1.03 0.74 
GSI<35 159 1.26 1.03 0.82 












Table 6.17 Evaluation of the peak side resistance model of Rosenberg and Journeaux (1976) 
using the lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 1.02 0.66 0.65 
50<GSI<35 152 2.09 1.99 0.95 
GSI<35 146 0.83 0.70 0.85 












Table 6.18 Evaluation of the peak side resistance model of Horvath and Kenney (1979) using 
the lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 1.55 1.01 0.65 
50<GSI<35 152 3.12 2.98 0.96 
GSI<35 146 1.19 1.01 0.85 












Table 6.19 Evaluation of the peak side resistance model of Pells et al. (1979) using the lower-
bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 0.57 0.36 0.64 
50<GSI<35 152 1.79 1.57 0.88 
GSI<35 146 1.92 1.72 0.90 












Table 6.20 Evaluation of the peak side resistance model of Williams (1980) using the lower-
bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 1.25 0.83 0.67 
50<GSI<35 152 2.23 2.17 0.98 
GSI<35 146 0.66 0.59 0.88 












Table 6.21 Evaluation of the peak side resistance model of Kaderabek and Reynolds (1981) 
using the lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 0.38 0.24 0.64 
50<GSI<35 152 1.19 1.05 0.88 
GSI<35 146 1.28 1.14 0.90 












Table 6.22 Evaluation of the peak side resistance model of Rowe and Armitage (1984) using 
the lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 0.86 0.56 0.65 
50<GSI<35 152 1.73 1.66 0.96 
GSI<35 146 0.66 0.56 0.85 












Table 6.23 Evaluation of the peak side resistance model of Carter and Kulhawy (1988) using 
the lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 1.94 1.27 0.65 
50<GSI<35 152 3.90 3.73 0.96 
GSI<35 146 1.49 1.27 0.85 












Table 6.24 Evaluation of the peak side resistance model of Hassan (1994) for rough 
interfaces using the lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 0.23 0.15 0.64 
50<GSI<35 152 0.71 0.63 0.88 
GSI<35 146 0.77 0.69 0.90 












Table 6.25 Evaluation of the peak side resistance model of Hassan (1994) for smooth 
interfaces using the lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 4.23 4.87 1.15 
50<GSI<35 129 8.03 9.00 1.12 
GSI<35 144 3.51 4.04 1.15 












Table 6.26 Evaluation of the peak side resistance model of Miller (2003) using the lower-
bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 0.97 0.63 0.65 
50<GSI<35 152 1.95 1.86 0.96 
GSI<35 146 0.74 0.63 0.85 












Table 6.27 Evaluation of the peak side resistance model of Kulhawy et al. (2005) using the 
lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 1.22 0.80 0.65 
50<GSI<35 152 2.46 2.35 0.96 
GSI<35 146 0.94 0.80 0.85 












Table 6.28 Evaluation of the peak side resistance model of Stark et al. (2013) using the 
lower-bound data (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
70<GSI <50 37 0.38 0.24 0.64 
50<GSI<35 152 1.19 1.05 0.88 
GSI<35 146 1.28 1.14 0.90 












Table 6.29 Summary of initial normal stiffness models for tip resistance 
 









c × (1− ν2 )× r
 
Pells and Turner (1979) 
 
 
Lee et al. (2013) 
Kn =
Em


























Table 6.30 Evaluation of the normal stiffness model of Goodman (1980) using the tip 
resistance database (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 61.39 78.92 1.29 
50<GSI<35 45 5.32 7.18 1.35 
GSI<35 122 3.65 4.43 1.21 











Table 6.31 Evaluation of the normal stiffness model of Pells and Turner (1979) using the tip 
resistance database (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 10 1.48 0.66 0.44 
50<GSI<35 45 1.66 0.44 0.26 
GSI<35 124 1.91 0.93 0.49 












Table 6.32 Evaluation of the normal stiffness model of Lee et al. (2013) using the tip 
resistance database (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 30.90 28.44 0.92 
50<GSI<35 45 5.37 2.96 0.55 
GSI<35 100 2.27 1.97 0.87 












Table 6.33 Evaluation of the yield pressure model for tip resistance based on the model of 
Stark et al. (2013) (based on load test data from literature) 
 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 1.25 1.00 0.80 
50<GSI<35 45 1.40 1.37 0.98 
GSI<35 120 7.33 20.95 2.86 








Table 6.34 Summary of tip resistance methods for bearing capacity 
 
Reference Mathematical model Comments 
Teng (1962) qb−allowable =1/ 5 to 1/ 8× qu   
Coates (1967) qb = 3× qu   
Rowe and Armitage (1987) qb−max = 2.5× qu   
Carter and Kulhawy (1988) qb = (m+ s)×qu   
ARGEMA (1992) qb = 4.5×qu   
Rock Foundations (1994) 
(after Bishnois, 1968; 
Sowers, 1979) 
qb = qu = 2×c× tan(45
! + φ
2
)  discontinuities are vertical or 
nearly vertical and the 
spacing of the open joints is 
less than the socket diameter 
qb = cNcsc +
B
2
γ 'Nγsγ + γ 'DfNqsq  
nearly vertical joints are 
closed and the spacing of the 
discontinuities is less than 
socket diameter 
qb = J×c×Ncr  joint spacing is greater than 
the socket diameter 
Zhang and Einstein (1998) qb = 4.8× qu  
 
Canadian Foundation 
Engineering Manual (2006) 








Table 6.35 Evaluation of model of Teng (1962) for the bearing capacity of drilled shafts in 
soft rock using tip resistance database (based on load test data from literature) 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 18.25 7.06 0.39 
50<GSI<35 45 20.68 20.29 0.98 
GSI<35 117 93.27 194.18 2.08 
All data 170 70.53 164.74 2.34 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 18.25 7.06 0.39 
50<GSI<35 45 20.68 20.29 0.98 
GSI<35 100 30.99 31.09 1.00 








Table 6.36 Evaluation of model of Coates (1967) for the bearing capacity of drilled shafts in 
soft rock using tip resistance database (based on load test data from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 1.22 0.47 0.39 
50<GSI<35 45 1.38 1.35 0.98 
GSI<35 117 6.22 12.95 2.08 
All data 170 4.70 10.98 2.34 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 1.22 0.47 0.39 
50<GSI<35 45 1.38 1.35 0.98 
GSI<35 100 2.07 2.07 1.00 








Table 6.37 Evaluation of model of Rowe and Armitage (1987) for the bearing capacity of 
drilled shafts in soft rock using tip resistance database (based on load test data 
from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 1.46 0.56 0.39 
50<GSI<35 45 1.65 1.62 0.98 
GSI<35 117 7.46 15.53 2.08 
All data 170 5.64 13.18 2.34 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 1.46 0.56 0.39 
50<GSI<35 45 1.65 1.62 0.98 
GSI<35 100 2.48 2.49 1.00 








Table 6.38 Evaluation of model of Carter and Kulhawy (1988) for the bearing capacity of 
drilled shafts in soft rock using tip resistance database (based on load test data 
from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 17.39 6.72 0.39 
50<GSI<35 45 19.69 19.32 0.98 
GSI<35 117 88.83 184.94 2.08 
All data 170 67.17 156.90 2.34 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 17.39 6.72 0.39 
50<GSI<35 45 19.69 19.32 0.98 
GSI<35 100 29.51 29.61 1.00 









Table 6.39 Evaluation of model of ARGEMA (1992) for the bearing capacity of drilled shafts 
in soft rock using tip resistance database (based on load test data from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 0.81 0.31 0.39 
50<GSI<35 45 0.92 0.90 0.98 
GSI<35 117 4.15 8.63 2.08 
All data 170 3.13 7.32 2.34 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 0.81 0.31 0.39 
50<GSI<35 45 0.92 0.90 0.98 
GSI<35 100 1.38 1.38 1.00 








Table 6.40 Evaluation of model of Zhang and Einstein (1998) for the bearing capacity of 
drilled shafts in soft rock using tip resistance database (based on load test data 
from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 0.83 0.41 0.50 
50<GSI<35 45 1.01 0.82 0.81 
GSI<35 117 1.43 1.30 0.91 
All data 170 1.29 1.18 0.91 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 0.83 0.41 0.50 
50<GSI<35 45 1.01 0.82 0.81 
GSI<35 100 1.11 0.99 0.89 








Table 6.41 Evaluation of model of Canadian Foundation Engineering Manual (2006) for the 
bearing capacity of drilled shafts in soft rock using tip resistance database (based 
on load test data from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 11.89 4.53 0.38 
50<GSI<35 45 13.33 12.98 0.97 
GSI<35 117 61.45 129.47 2.11 
All data 170 46.38 109.80 2.37 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 11.89 4.53 0.38 
50<GSI<35 45 13.33 12.98 0.97 
GSI<35 100 19.88 19.41 0.98 








Table 6.42 Evaluation of model of Rock Foundation (1995) (method 1) for the bearing 
capacity of drilled shafts in soft rock using tip resistance database (based on load 
test data from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 17.84 8.67 0.49 
50<GSI<35 45 35.65 36.06 1.01 
GSI<35 100 262.43 771.14 2.94 
All data 153 182.94 632.22 3.46 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 17.84 8.67 0.49 
50<GSI<35 45 35.65 36.06 1.01 
GSI<35 95 115.70 128.01 1.11 








Table 6.43 Evaluation of model of Rock Foundation (1995) (method 2) for the bearing 
capacity of drilled shafts in soft rock using tip resistance database (based on load 
test data from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 10 1.37 1.28 0.94 
50<GSI<35 45 65.96 220.48 3.34 
GSI<35 96 91.21 229.30 2.51 
All data 151 77.74 219.33 2.82 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 10 0.66 0.58 0.88 
50<GSI<35 45 55.56 189.26 3.41 
GSI<35 95 72.88 197.51 2.71 








Table 6.44 Evaluation of model of Rock Foundation (1995) (method 3) for the bearing 
capacity of drilled shafts in soft rock using tip resistance database (based on load 
test data from literature) 
 
(a) includes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ  σλ  δλ  
100<GSI <50 8 40.45 19.53 0.48 
50<GSI<35 45 74.30 74.37 1.00 
GSI<35 95 239.74 332.60 1.39 
All data 148 178.66 281.42 1.58 
 
 
(b) excludes case records with qu < 0.1 MPa 
GSI Range Number of Cases µλ σλ δλ 
100<GSI <50 8 40.45 19.53 0.48 
50<GSI<35 45 74.30 74.37 1.00 
GSI<35 93 205.12 222.63 1.09 
All data 146 155.78 193.65 1.24 
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Table 6.45 Stark, Long and Assem (2013) tip resistance database (database and all data are reproduced from Stark, Long and 


















12 Van Doren et al. (1967)
13 Geoke and Hustad (1979) 
(shaft 1)





























































8.00 61.00 not reached 
8.21 33.33 not reached
6.96 not reached
3.58 70.00 not reached
9.05 94.00 not reached
8.51 not reached
3.05 0.00 not reached







δtip (mm) Rock type
28.51 Graneros shale formation, with some soft sandstone and peat near the base
15.73 Graneros shale formation, dark gray, sandy
17.15 Severy Shale Formation (sandy) uniform with some very thin seams of sandstone. 
25.41
shale, gray to dark gray, chalky, thin to thick bedded below the tip of the shaft. The shale 
below the tip was stronger than the shale above the tip.
38.21 clay-shale, light gray moist. The UCS values increase with depth. 
23.09 shale, green to brownish-gray and sandy with some black coal inclusions
15.17
gray, thinly to thickly laminated silt SHALE, weathered, medium hard becoming clay shale 
and then claystone with depth.
34.04 gray shale, soft to medium hard to hard.
Clay- Shale 
10.42 Hard and widely fissured thinly bedded shale
33.54 Clay- Shale- highly fragmented
Clay- Shale 
Clay- Shale 
19.56 Gray Clay-shale (Caddo Formation)
12.20 Gray Clay-shale (Caddo and Kiamichi Formation)
46.77 Mudstone, weak, clayey cretaceous
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Table 6.45 Cont. Stark, Long and Assem (2013) tip resistance database (database and all data are reproduced from Stark, Long 





16 Hummert and Cooling (1988)
17 Jubenville and Hepworth 
(1981)
19
Aurora and Reese (1977), MT1
20
Aurora and Reese (1977), MT2
21
Aurora and Reese (1977), MT3
22
Aurora and Reese (1977), DT1
23 Abu-Hejleh and Attwooll 
(2005), Franklin Test Shaft 
24
Abu-Hejleh and Attwooll 
(2005), County Line Test Shaft 
25 Abu-Hejleh and Attwooll 

























































































δtip (mm) Rock type






74.44 Sandy Claystone, dark gray, moist
117.07 Soil-like claystone bedrock
57.42 Soil-like claystone bedrock
19.20 Mudstone, highly weathered 
17.10 Mudstone, highly weathered 
11.00 Mudstone, moderately weathered 
7.00 Mudstone, moderately weathered 
6.00 Mudstone, moderately weathered 
7.00 Mudstone, moderately weathered 
84.62 Mudstone, moderately weathered 
109.03 Mudstone, moderately weathered 
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Table 6.46 Stark, Long and Assem (2013) side resistance database (database and all data are reproduced from Stark, Long and 





1 Matich and Kozicki (1967)
2 Corps of Engineers (1968)
3 Geoke and Hustad (1980): shaft 1
4 Geoke and Hustad (1980): shaft 2
5 Wilson (1976), Settlers Br., Port Elizabeth, South 
Africa (west pile)
6 Wilson (1976), Settlers Br., Port Elizabeth, South 
Africa (East pile)
7 Mason (1960), PC25, U.S.A.
8 Johnston and Donald (1979), Flinders St., Melbourne 
(F2)
9 Thompson (1994): Andalusia, AL (Test Shaft 1)
10 Thompson (1994): Andalusia, AL (Test Shaft 2)
11 PC29 (Pells et al 1978, Ervin 1976) Australia
12 Millar (1976), City Center, perth, W.A. 
13 Millar (1976), telephone exchange, perth, W.A. (TP1)
14 Millar (1976), telephone exchange, perth, W.A. (TP2)
15 Johnston and Donald (1979), Flinders St., Melbourne 
(F1)
16 Walter et al., (1997)
17 Williams and Pells (1981)
18 Williams and Pells (1981)














































































stress Type of Test Drilling Remarks 
Reddish brown to grey shale Not Reached Pull-out test on caisson 
shafts
rifled by spiral grooves 3 in deep and 6 in 
wide 
Clay-Shale (soft rock)
Gray Clay-shale (Caddo Formation)Reached quick compression load test drilled with rock auger
Gray Clay-shale (Caddo Formation)Reached quick compression load test drilled with rock auger
Mudstone from Uitenhage 
series of the cretaceous 
system, dark grey
Reached Tensile tests drilled with casing and concrete defects due 
to water entering the shaft 
Mudstone from Uitenhage 
series of the cretaceous 
system, dark grey
Reached Tensile tests drilled with casing and concrete defects due 
to water entering the shaft 
Weak Shale Not stated Pier compression test 
Moderately weathered Melbourne mudstone, free of sandstone beds and clay seamsR ached Flat j cks acting upwards on
the side resistance pile and 
dwonwards a base resistance 
pile
Drilled with bucket auger, and was not rough
claystone Not stated conventional not stated
claystone Not stated conventional not stated
Mudstone, weathered and 
highly fractured 
Not stated Pier compression test not stated
Kings Park shale Not Reached drilled under bentonite
Kings Park shale Not Reached 
Kings Park shale Reached 
Moderately weathered 
Melbourne mudstone
Reached Flat jacks acting upwards on 
the side resistance pile and 
dwonwards a base resistance 
pile
Drilled with bucket auger, and was not rough
Mudstone Downhole jack
Shale Drilled, cast under bentonite
Shale 
Highly weathered Melbourne 
mudstone
Not Reached Prestressing jack and a 
central cable anchor
Socket drilled normally in dry with a 3 flight 
auger. Socket then filled with water before 
concreting. Roughened by cleaning the sides 
of the socket of all remoulded  material
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Table 6.46 Cont. Stark, Long and Assem (2013) side resistance database (database and all data are reproduced from Stark, Long 




20 Pile S3: Williams (1980a), Stanley Ave., Melbourne
21 Pile S5: Williams (1980a), Stanley Ave., Melbourne
22 Pile S12: Williams (1980a), Stanley Ave., Melbourne
23 Pile S14: Williams (1980a), Stanley Ave., Melbourne
24 Pile S15: Williams (1980a), Stanley Ave., Melbourne
25 Pile S16: Williams (1980a), Stanley Ave., Melbourne
26 Pile M1: Williams (1980a), Middleborough Rd., 
Melbourne
27 Pile M2: Williams (1980a), Middleborough Rd., 
Melbourne
28 Pile M3: Williams (1980a), Middleborough Rd., 
Melbourne
29 Pile M4: Williams (1980a), Middleborough Rd., 
Melbourne
30 PileWG303/2: Williams (1980a), Westgate Fwy., 
Melbourne
31 Pile A: Leach et al., (1976), Kilroot, N. Ireland






























































stress Type of Test Drilling Remarks 
Highly weathered Melbourne 
mudstone
Reached stressing jack and a central 
cable anchor
Socket drilled normally in dry with a 3 flight 
auger. Socket then filled with water before 
concreting. Roughened socket
Highly weathered Melbourne 
mudstone
Reached stressing jack and a central 
cable anchor
Socket drilled normally in dry with a 3 flight 
auger. Socket then filled with water before 
concreting. Roughened by cleaning the sides 
of the socket of all remoulded  material
Highly weathered Melbourne 
mudstone
Reached Hydraulic jack against a 
stationary reaction beam
drilled with a 335mm diameter casing and 
water to produce a straight sided socket. 
Regular clean socket
Highly weathered Melbourne 
mudstone
Reached Hydraulic jack against a 
stationary reaction beam
Socket is roughened
Highly weathered Melbourne 
mudstone
Reached Hydraulic jack against a 
stationary reaction beam
Socket was drilled with a casing barrel and 
water. The socket was roughened
Highly weathered Melbourne 
mudstone
Not Reached Hydraulic jack against a 
stationary reaction beam
Socket was constructed using a casing barrel 
and water. It was roughened
Moderately weathered 
Melbourne mudstone
Reached Flat jacks acting upwards on 
the side resistance pile and 
dwonwards on the 
endbearing pile
drilled normally with a bucket auger and 
concrete cast under bentonite. The socket 
walls were relatively rough. Low alpha value 
is due to presence of bentonite
Moderately weathered 
Melbourne mudstone
Reached Flat jacks acting upwards on 
the side resistance pile and 
dwonwards on the 
endbearing pile
Socket drilled normally with a bucket auger. 




Reached Flat jacks acting upwards on 
the side resistance pile and 
dwonwards on the 
endbearing pile




Reached Flat jacks acting upwards on 
the side resistance pile and 
dwonwards on the 
endbearing pile
drilled normally with a bucket auger and then 
roughened. Concrete cast under bentonite
Moderately to slightly 
weathered Melbourne 
mudstone
Reached Flat jacks acting upwards on 
the side resistance pile and 
dwonwards on the 
endbearing pile
Drilled with bucket auger and then hand 
excavated to straighten the shaft, Roughened
Mudstone Reached drilled with auger. No sign of roughening is 
presented




Table 6.46 Cont. Stark, Long and Assem (2013) side resistance database (database and all data are reproduced from Stark, Long 




33 Aurora and Reese (1977): MT1, Montopolis
34 Aurora and Reese (1977): MT2, Montopolis
35 Aurora and Reese (1977): MT3, Montopolis
36 Aurora and Reese (1977): DT1, Dallas
37 LT-8718-2:US 36 Over Republican River, KS (socket)
38 LT-8718-1:US 36 Over Republican River, KS (socket)
39 LT-8854: I-235 over Des Moines River (socket)
40 LT-8816: US 281 over Solomon River, KS (zone 1)
42 LT-9048: Route 116 over Platte River, MO
43 Thompson (1994): US 231 Over Ohio River, 
Owensboro
44 Miller (2003): Lexington Site, TS-1A, Ocell to SG2
45 Miller (2003): Lexington Site, TS-2, Lower to Upper 
Ocell
46 Miller (2003): Grandview Site, SG 5 to 6
47 Abu-Hejleh et al. (2003): I-225 test site SG 1 to 2
48 Abu-Hejleh et al. (2003): I-225 test site cell to 1
49 Abu-Hejleh et al. (2003): I-225 test site











































































stress Type of Test Drilling Remarks 
Clay-Shale Reached loaded from top drilled with auger, dry
Clay-Shale Reached loaded from top drilled with auger and slurry displacement 
method was used
Clay-Shale Reached loaded from top drilled with auger, dry
Clay-Shale Reached loaded from top drilled with auger, dry
40.00 Sahle gray to dark gray, some 
sand with limey seams, finely 
laminated 
Reached Ocell auger was used, no indication of artificial 
roughening of socket
49.43 Grareros Shale formation 
(Kansas): Shale dark gray 
finely laminated
Reached Ocell auger was used, no indication of artificial 
roughening of socket
93.13 Clay-Shale Reached Ocell Drilled under water by auger and core barrel
80.43 Gray to dark gray chalky 
shale 
Reached Ocell drilled rock auger 
gray thinly to thickly 
laminated silt shale with 
scattered sand seams
Not Reached Ocell drilled with auger in dry condition 
weathered shale Not stated Ocell not stated
Hard Clayshale Reached Ocell drilled normally 
hard Gray shale to clayshale Reached Ocell drilled normally 
Gray thinly laminated clay shale, softReached Ocell drilled normally 
soil-like claystone Not Reached Ocell drilled with auger in dry condition, walls 
slightly roughened
soil-like claystone Not Reached Ocell drilled with auger in dry condition, walls 
slightly roughened
soil-like claystone Not Reached Ocell drilled with auger in dry condition, walls 
slightly roughened




Table 6.46 Cont. Stark, Long and Assem (2013) side resistance database (database and all data are reproduced from Stark, Long 





51 Abu-Hejleh et al. (2003): Franklin
52 LT-9405 IL 5 over IL 84 (SG 2 to SG 3)
53 LT-9405 IL 5 over IL 84 (SG 1 to SG 2)
54 LT-9405 IL 5 over IL 84 (SG Cell to SG 1)
55 LT-8276
56 Spanovich and Garvin (1979), Caisson 4
57 Spanovich and Garvin (1979), Caisson 9
58 Spanovich and Garvin (1979), Caisson 7














































stress Type of Test Drilling Remarks 
Very hard sandy claystone Not Reached Ocell Partialy wet
Illinois shale reached Ocell
Illinois shale reached Ocell
Illinois shale reached Ocell
Illinois shale reached Ocell
soft silty shale 
(Pennsylvanian cyslothemic 
shale)
Reached conventional drilled rock auger 
soft silty shale 
(Pennsylvanian cyslothemic 
shale)
Reached conventional drilled rock auger 
soft silty shale 
(Pennsylvanian cyslothemic 
shale)
Reached conventional drilled rock auger 
soft silty shale 
(Pennsylvanian cyslothemic 
shale)
Reached conventional drilled rock auger 
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Table 6.47 Paikowsky et al. (2010) tip resistance database (database and all data are reproduced from Paikowsky et al., 2010 








1 Abu-Hejleh and 
Attwooll (2005)
weathered claystone rock socket circular
2 Abu-Hejleh and 
Attwooll (2005)
blue and sandy claystone, very 
hard
rock socket circular
3 Abu-Hejleh and 
Attwooll (2005)
blue and clayey sandstone, well 
cemented, very hard
rock socket circular
4 Abu-Hejleh and 
Attwooll (2005)
blue and clayey sandstone, well 
cemented, very hard
rock socket circular
5 Abu-Hejleh and 
Attwooll (2005)
blue claystone with occasional 
interbeds of sandstone and 
siltstone
rock socket circular
6 Abu-Hejleh and 
Attwooll (2005)
pierre shale, very well cemented, 
very hard
rock socket circular
7 Abu-Hejleh and 
Attwooll (2005)
claystone, weathered rock socket circular
8 Abu-Hejleh and 
Attwooll (2005)
claystone, unweathered rock socket circular
9 Aurora and Reese 
(1977)
clay-shale rock socket circular
10 Aurora and Reese 
(1977)
clay-shale rock socket circular
11 Aurora and Reese 
(1977)
clay-shale rock socket circular
12 Aurora and Reese 
(1977)
clay-shale rock socket circular
13 Baker (1985) hardpan rock socket circular
14 Baker (1985) till rock socket circular
15 Baker (1985) hardpan rock socket circular
16 Burland and Lord 
(1970)
grade IV chalk, rubbly, partly 
weathered chalk with with 
bedding and joints, joints 0.4 to 
2.4 in apart, open 0.8 in and 
























































q2 (MPa) RMR Rock 
description
2.63 70.00 good rock
2.54 70.00 good rock
11.30 85.00 very good rock
15.22 70.00 good rock
26.33 82.00 very good rock
6.94 70.00 good rock
2.25 70.00 good rock
5.03 78.00 good rock
5.50 70.00 good rock
5.60 70.00 good rock
6.00 70.00 good rock
4.03 75.00 good rock
5.84 70.00 good rock
2.29 68.00 good rock
4.79 80.00 good rock























Spacing from Rock 
mass quality (m), 
upper
Site Location
3.05 Denver, Colorado USA
3.05 Denver, Colorado USA
3.05 Denver, Colorado USA
3.05 Denver, Colorado USA
3.05 Denver, Colorado USA
3.05 Trinidad, Colorado USA
3.05 Adams County, Colorado USA
3.05 Adams County, Colorado USA
3.05 Montopolis, Texas USA
3.05 Montopolis, Texas USA
3.05 Montopolis, Texas USA
3.05 Dallas, Texas USA
3.05 Union station, Chicago USA
3.05 One Park Place USA
3.05 University of Chicago USA
0.30 Mundford, Norfolk UK
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17 Burland and Lord 
(1970)
grade v chalk, structureless 
remouded chalk containing small 




18 Burland and Lord 
(1970)
grade IV chalk, rubbly, partly 
weathered chalk with with 
bedding and joints, joints 0.4 to 
2.4 in apart, open 0.8 in and 





19 Burland and Lord 
(1970)
Grade III chalk, rubbly to blocky 
unweathered chalk, joints 2.4 - 
7.87 in apart, open to 0.12 in and 





20 Butler and Lord (1970) lower gray chalk marl plate load 
test
circular
21 Butler and Lord (1970) lower gray chalk marl plate load 
test
circular
22 Butler and Lord (1970) lower gray chalk marl plate load 
test
circular
23 Butler and Lord (1970) lower gray chalk marl plate load 
test
circular
24 Butler and Lord (1970) lower gray chalk marl plate load 
test
circular
25 Butler and Lord (1970) Occasional hard lumps of intact 





26 Butler and Lord (1970) Occasional hard lumps of intact 





27 Butler and Lord (1970) Occasional hard lumps of intact 





28 Butler and Lord (1970) Occasional hard lumps of intact 





29 Butler and Lord (1970) Occasional hard lumps of intact 





30 Butler and Lord (1970) Occasional hard lumps of intact 


















































q2 (MPa) RMR Rock 
description
0.50 15.00 very poor rock
0.60 15.00 very poor rock
0.60 15.00 very poor rock
0.48 15.00 fair rock
3.35 72.00 fair rock
2.40 60.00 fair rock
1.00 55.00 fair rock
0.96 70.00 fair rock
0.96 68.00 poor rock
1.15 35.00 poor rock
1.45 35.00 poor rock
1.61 35.00 poor rock
1.11 40.00 poor rock





















Spacing from Rock 
mass quality (m), 
upper
Site Location
0.05 Mundford, Norfolk UK
0.05 Mundford, Norfolk UK
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31 Butler and Lord (1970) Occasional hard lumps of intact 





32 Butler and Lord (1970) Occasional hard lumps of intact 





33 Butler and Lord (1970) Occasional hard lumps of intact 





34 Butler and Lord (1970) Occasional hard lumps of intact 





35 Carruba (1997) intact marl, RQD = 100% rock socket circular
36 Carruba (1997) diabase breccia, highly fractured, 
RQD = 10%
rock socket circular
37 Carruba (1997) limestone, intact, RQD = 100% rock socket circular
38 Evdokimov and 
Sapegin (1964)
diabase footing square
39 Evdokimov and 
Sapegin (1964)
diabase footing square
40 Evdokimov and 
Sapegin (1964)
diabase footing square
41 Evdokimov and 
Sapegin (1964)
diabase footing square
42 Glos and Briggs (1983) sandstone, horizontally bedded, 
shaley, RQD = 74%
rock socket circular
43 Glos and Briggs (1983) sandstone, horizontally bedded, 
shaley, with some coal stringers, 
RQD = 88%
rock socket circular
44 Geoke and Hustad 
(1979)
clay-shale with occasional thin 
limestone seams
rock socket circular
45 Hummert and Cooling 
(1988)
shale, thinly bedded with thin 
sandstone layers
rock socket circular
46 Jubenville and 
Hepworth (1981)




















































q2 (MPa) RMR Rock 
description
0.46 50.00 poor rock
2.07 35.00 poor rock
2.00 35.00 poor rock
3.50 15.00 poor rock
5.30 75.00 fair rock
8.90 20.00 fair rock
8.90 75.00 fair rock
2.10 68.00 good rock
1.40 60.00 good rock
1.90 65.00 good rock
3.00 80.00 good rock
10.10 55.00 fair rock
13.10 60.00 fair rock
4.69 78.00 good rock
9.33 65.00 good rock























Spacing from Rock 







0.91 Rosigano, Tuscany Italy
0.91 Rosigano, Tuscany Italy





0.91 Farmington, New Mexico USA
0.91 Farmington, New Mexico USA
3.05 Southeastern, Oklahoma USA
3.05 Fort Collins, Colorado USA
3.05 Denver, Colorado USA
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47 Ku et al (2004) gray silty mudstone, sedimentary, 
soft, poor cementation
rock socket circular
48 Lake (1970) Grade V chalk, completely 
weathered, structureless 
remoulded chalk containing small 




49 Lake and Simons 
(1970)
chalk plate load 
test
circular
50 Lake and Simons 
(1970)
chalk plate load 
test
circular
51 Lake and Simons 
(1970)
chalk plate load 
test
circular
52 Leung and Ko (1993) Gypsum mixed with cement Centrifuge 
test
circular
53 Leung and Ko (1993) Gypsum mixed with cement Centrifuge 
test
circular
54 Leung and Ko (1993) Gypsum mixed with cement Centrifuge 
test
circular
55 Leung and Ko (1993) Gypsum mixed with cement Centrifuge 
test
circular
56 Leung and Ko (1993) Gypsum mixed with cement Centrifuge 
test
circular
57 Leung and Ko (1993) Gypsum mixed with cement Centrifuge 
test
circular
58 Lord (1997) Chalk, medium high density plate load 
test
circular
59 Lord (1997) Chalk, medium high density plate load 
test
circular
60 Lord (1997) chalk, low density plate load 
test
circular
61 Lord (1997) chalk, low density plate load 
test
circular





63 Maleki an Hollberg 
(1995)

























































q2 (MPa) RMR Rock 
description
4.40 70.00 good rock
2.39 70.00 good rock
12.25 87.00 very good rock
5.27 87.00 very good rock
14.74 87.00 very good rock
6.51 70.00 good rock
16.10 70.00 good rock
10.90 70.00 good rock
15.70 70.00 good rock
22.99 70.00 good rock
27.69 70.00 good rock
0.30 15.00 very poor rock
0.50 15.00 very poor rock
0.25 15.00 very poor rock
0.50 18.00 very poor rock
0.50 20.00 poor rock
























Spacing from Rock 
mass quality (m), 
upper
Site Location
3.05 Shinchu county Taiwan




3.05 University of Colorado, BoulderUSA
3.05 University of Colorado, BoulderUSA
3.05 University of Colorado, BoulderUSA
3.05 University of Colorado, BoulderUSA
3.05 University of Colorado, BoulderUSA
3.05 University of Colorado, BoulderUSA
0.05 Mundford, Luton, Dunstable Eastern BypassUK
0.05 Mundford, Luton, Dunstable Eastern BypassUK
0.05 Mundford, Luton, Dunstable Eastern BypassUK
0.05 Mundford, Luton, Dunstable Eastern BypassUK
0.30 Mundford, Luton, Dunstable Eastern BypassUK
3.05 Green River Basin, Wyoming USA
485
 
Table 6.47 Cont. Paikowsky et al. (2010) tip resistance database (database and all data are reproduced from Paikowsky et al., 
2010 database with minor revisions) 
 
  




64 Mallard (1977) chalk, weathered, fractured with 
open fissures, joints 0.2 to 0.66 ft 




65 McVay et al (2006) limestone rock socket circular
66 McVay et al (2006) limestone rock socket circular
67 Nitta et al (1995) granite, weathered plate load 
test
circular
68 Orpwood et al (1989) till rock socket circular
69 Orpwood et al (1989) till rock socket circular
70 Orpwood et al (1989) till rock socket circular
71 Pellegrino (1974) tuff plate load 
test
circular
72 Pellegrino (1974) tuff plate load 
test
circular
73 Pellegrino (1974) tuff plate load 
test
circular
74 Pellegrino (1974) tuff plate load 
test
circular
75 Pellegrino (1974) tuff plate load 
test
circular
76 Pells and Turner (1979) strong sandstone, medium to 
strong, core sections can be 
broken by hand with difficulty, 
lightly scored with a steel knife, 
slightly fractured
footing circular
77 Pells and Turner (1979) strong sandstone, medium to 
strong, core sections can be 
broken by hand with difficulty, 
lightly scored with a steel knife, 
slightly fractured
footing circular
78 Pells and Turner (1979) weak sandstone, core sections 
break easily and may be heavily 
scored or cut with a steel knife, 
fractured
footing circular
79 Pells and Turner (1979) weak sandstone, core sections 
break easily and may be heavily 
scored or cut with a steel knife, 
fractured
rock socket circular
80 Pells and Turner (1979) weak sandstone, core sections 
break easily and may be heavily 

























































q2 (MPa) RMR Rock 
description
5.00 80.00 good rock
4.51 70.00 good rock
5.74 70.00 good rock
18.00 80.00 good rock
4.00 78.00 good rock
4.15 75.00 good rock
5.50 75.00 good rock
10.52 70.00 good rock
10.00 72.00 good rock
11.16 70.00 good rock
12.00 75.00 good rock
5.92 65.00 good rock
75.54 65.00 good rock
72.76 65.00 good rock
24.99 70.00 good rock
13.80 70.00 good rock
























Spacing from Rock 




3.05 University of Florida USA
3.05 University of Florida USA
3.05 Innoshimma, Hiroshima Japan
3.05 Bloor st., Toronto Canada
3.05 Leaside, Toronto Canada






3.05 Site 1, Sydney Australia
3.05 Site 1, Sydney Australia
3.05 Site 2, Sydney Australia
3.05 Site 2, Sydney Australia
3.05 Site 2, Sydney Australia
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81 Pells and Turner (1979) very weak sandstone, rock 
structure is evident but frequent 
zones of sugary sandstone, 
crumbled by hand, highly 
weathered and fractured
footing circular
82 Pells and Turner (1979) very weak sandstone, rock 
structure is evident but frequent 
zones of sugary sandstone, 
crumbled by hand, highly 
weathered and fractured
footing circular
83 Pells and Turner (1979) fresh shale rock socket circular
84 Pells and Turner (1979) Hawkesbury sandstone footing circular
85 Pells and Turner (1979) sandstone footing circular
86 Pells and Turner (1979) sandstone footing circular
87 Pells and Turner (1979) limestone footing circular
88 Radhakrishna and 
Leung (1989)
siltstone, medium hard, 
fragmented
rock socket circular
89 Spanovich and Garvin 
(1979)
shale footing circular
90 Spanovich and Garvin 
(1979)
shale footing circular
91 Spanovich and Garvin 
(1979)
shale footing circular
92 Thorne (1980) shale rock socket circular
93 Thorne (1980) sandstone rock socket circular
94 Thorne (1980) sandstone, fresh, defect free rock socket circular
95 Thorne (1980) shale, occaisional recemnted 
moist fractures and thin mud 
seams
rock socket circular
96 Ward and Burland 
(1968)
chalk, hard and brittle plate load 
test
circular
97 Ward and Burland 
(1968)
chalk, medium hard, joints more 




98 Ward and Burland 
(1968)
chalk, unweathered, joints 0.2 to 




99 Ward and Burland 
(1968)
chalk, weathered, with bedding 
and jointing, joints 0.033 to 0.2 ft 




































































q2 (MPa) RMR Rock 
description
4.50 80.00 good rock
3.75 80.00 good rock
291.44 95.00 very good rock
1029.78 90.00 intact rock
404.93 90.00 intact rock
674.82 90.00 intact rock
23.55 90.00 intact rock
13.10 60.00 fair rock
4.44 60.00 fair rock
6.62 70.00 fair rock
3.47 50.00 fair rock
27.99 50.00 fair rock
14.00 50.00 fair rock
49.99 70.00 fair rock
27.79 50.00 fair rock
1.13 40.00 poor rock
1.00 20.00 poor rock
0.75 20.00 poor rock
0.40 15.00 poor rock



























Spacing from Rock 
mass quality (m), 
upper
Site Location
3.05 Site 2, Sydney Australia
3.05 Site 2, Sydney Australia
3.05 Westmead hospital, Sydney Australia
0.00 Hawkesbury, Sydney Australia
0.00 Hawkesbury, Sydney Australia
0.00 Hawkesbury, Sydney Australia
0.00 Hawkesbury, Sydney Australia
0.91 Pile 430, Port of Singapore Singapore
0.91 Allegheny county, PennsylvaniaUSA
0.91 Allegheny county, PennsylvaniaUSA
0.91 Allegheny county, PennsylvaniaUSA




0.30 Mundford, Norfolk UK
0.30 Mundford, Norfolk UK
0.30 Mundford, Norfolk UK
0.30 Mundford, Norfolk UK
0.91 Academic hospital, JohannesburgSouth Africa
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101 Williams (1980) mudstone, moderately weathered rock socket circular
102 Williams (1980) mudstone, moderately weathered footing circular
103 Williams (1980) mudstone, moderately weathered footing circular
104 Williams (1980) mudstone, moderately weathered footing circular
105 Williams (1980) mudstone, moderately weathered footing circular
106 Williams (1980) mudstone, moderately weathered rock socket circular
107 Williams (1980) mudstone, moderately weathered rock socket circular
108 Williams (1980) mudstone, moderately weathered rock socket circular
109 Williams (1980) mudstone, moderately weathered rock socket circular
110 Williams (1980) mudstone, moderately weathered rock socket circular
111 Williams (1980) mudstone, moderately weathered rock socket circular
112 Williams (1980) mudstone, moderately weathered rock socket circular
113 Williams (1980) mudstone, moderately weathered rock socket circular
114 Williams (1980) mudstone, moderately weathered rock socket circular
115 Williams (1980) mudstone, moderately weathered rock socket circular
116 Williams (1980) mudstone, moderately weathered rock socket circular
117 Williams (1980) mudstone, moderately weathered rock socket circular
118 Williams (1980) mudstone, moderately weathered rock socket circular
119 Williams (1980) mudstone, moderately weathered rock socket circular
120 Williams (1980) mudstone, moderately weathered rock socket circular
121 Wilson (1976) weak clayey mudstone, 
cretaceous, bedding planes 
dipping at only a few degrees and 
occasional vertical jointing
rock socket circular








































































q2 (MPa) RMR Rock 
description
3.68 70.00 very good rock
4.51 81.00 very good rock
4.98 81.00 very good rock
7.20 90.00 very good rock
10.57 100.00 very good rock
5.16 85.00 very good rock
9.26 95.00 very good rock
4.87 88.00 very good rock
12.48 100.00 very good rock
10.19 100.00 very good rock
13.09 100.00 very good rock
9.02 85.00 very good rock
3.39 70.00 very good rock
32.46 95.00 very good rock
29.27 95.00 very good rock
23.49 90.00 very good rock
26.73 92.00 very good rock
10.19 90.00 very good rock
17.97 90.00 very good rock
13.58 90.00 very good rock
4.81 50.00 fair rock









Spacing from Rock 























0.91 Port Elizabeth South Africa
3.05 Peace River, Alberta Canada
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up fsp (MPa) Site location Reference Test type Notes
1 PC3 Shale 0.90 0.48 35.00 60.00 3.04 Canada Seychuck (1970) Pier compression test Pilot hole and churn drilling, end resistance 
eliminated
2 PC4 Shale 0.70 0.84 2.46 Canada Trow (1972) Pier compression test End resistance was eliminated
3 PC5 Shale 0.91 0.64 12.40 18.00 0.83 Canada MTC (1968) Pier compression test
4 PC6a Shale 0.90 0.46 0.77 USA Spanovich (undated) Pier compression test cleaned by auger, void at the base
5 PC6b Shale 0.91 0.61 0.66 USA Spanovich (undated) Pier compression test cleaned by auger, void at the base
6 PC6c Shale 0.91 0.76 1.53 USA Spanovich (undated) Pier compression test cleaned by auger, void at the base
7 PC6d Shale 1.52 0.61 0.58 USA Spanovich (undated) Pier compression test cleaned by auger, void at the base
8 PC6e Shale 1.52 0.76 0.62 USA Spanovich (undated) Pier compression test cleaned by auger, void at the base
9 PC10a Shale 2.90 0.61 62.00 110.00 0.93 Canada Vogan (1977) Pier compression test Churn drilling, water flowing from fractures
10 PC10b Shale 1.52 0.41 62.00 110.00 0.39 Canada Vogan (1977) Pier compression test Churn drilling, water flowing from fractures
11 PC14 Shale 4.60 0.88 0.35 Canada Ladanyi (1977) Pier compression test
12 PC16 Shale 3.35 0.92 0.24 UK Thornborn (1966) Pier compression test Excavated by bucket auger, end resistance 
eliminated
13 PC24 Shale 1.22 1.22 9.70 12.50 1.04 USA Osterberg and Gill (1973) Pier compression test
14 PC25 Shale 1.83 0.61 1.50 0.42 USA Mason (1960) Pier compression test
15 PC28 Shale 1.00 0.40 2.90 Australia Pells et al. (1978)
16 PC31 Shale 0.70 0.45 21.00 51.00 2.80 Australia Pells et al. (1978)
17 PC32 Shale 0.25 60.00 0.75 Czechoslavakia Dvorak (1966) Pier compression test
18 PT1 Shale 6.00 0.61 0.69 0.31 Canada Matich and Kozicki (1967) Pier pull-out test Roughened
19 PT3 Shale 0.90 0.20 20.70 1.69 Canada Rosenberg and Journeaux (1976) Pier pull-out test
20 PT6 Shale 3.20 1.07 9.60 34.60 2.60 Canada Freeman et al. (1972) Pier pull-out test
21 PT7 Shale 1.00 0.76 1.39 Canada Morton (1969) Pier pull-out test
22 A2a Shale 0.60 0.08 0.35 Canada MTC (1964) Shallow anchor pull-out test Expanding agent added to concrete
23 A2b Shale 0.90 0.08 0.35 Canada MTC (1964) Shallow anchor pull-out test Expanding agent added to concrete
24 A2c Shale 1.20 0.08 0.44 Canada MTC (1964) Shallow anchor pull-out test Expanding agent added to concrete
25 A15 Shale 1.50 0.06 0.39 USA Saliman and Schefer (1968) Anchor pull-out test
26 A16a Shale 1.50 0.06 0.24 USA Saliman and Schefer (1968) Anchor pull-out test
27 A16b Shale 1.50 0.06 0.35 USA Saliman and Schefer (1968) Anchor pull-out test
28 A16c Shale 1.50 0.06 0.75 USA Saliman and Schefer (1968) Anchor pull-out test
29 A17 Shale 1.00 0.10 49.00 78.00 1.63 Germany Abraham and Porzig (1973) Anchor pull-out test
30 MC1 Shale 0.08 0.05 8.50 0.75 South Africa Webb (1976) Model compression test
31 PC8a Clay-shale 1.35 0.74 1.38 0.41 USA Aurora and Reese (1976) Pier compression test Constructed by casing method using auger
32 PC8b Clay-shale 1.35 0.74 1.38 0.37 USA Aurora and Reese (1976) Pier compression test Constructed by slurry displacement method
33 PC8c Clay-shale 1.52 0.75 1.38 0.69 USA Aurora and Reese (1976) Pier compression test Constructed by dry method
34 PC9 Clay-shale 1.37 0.89 0.62 0.28 USA Aurora and Reese (1976) Pier compression test Constructed by casing method
35 PC29 Mudstone 1.52 1.09 1.50 3.00 0.80 Australia Pells et al. (1978) Pier compression test
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up fsp (MPa) Site location Reference Test type Notes
36 A3 Mudstone 14.00 0.10 1.09 South Africa Wilson (1976) Anchor pull-out test
37 PT4a Mudstone 1.00 0.90 1.09 0.12 South Africa Wilson (1976) Pier pull-out test
38 PT4b Mudstone 1.00 0.90 1.09 0.18 South Africa Wilson (1976) Pier pull-out test
39 MT1a Mudstone 0.01 2.40 0.29 Australia Parkins and Donald (1972) Model pull-out test
40 MT1b Mudstone 0.01 2.50 0.31 Australia Parkins and Donald (1972) Model pull-out test
41 MT1c Mudstone 0.01 4.90 0.66 Australia Parkins and Donald (1972) Model pull-out test
42 MT1d Mudstone 0.01 5.60 0.80 Australia Parkins and Donald (1972) Model pull-out test
43 PC30 Siltstone 3.35 0.71 1.20 Australia Pells et al. (1978)
44 A5 Sandstone 25.80 0.10 4.90 0.52 New Zealand Moss (1971) Anchor pull-out test
45 PC1 Sandstone 2.60 0.51 1.02 USA Moore (1964) Pier compression test excavated by auger, cleared by flushing
46 PC13A Sandstone 0.64 0.25 12.00 0.90 Canada Vogan (1977) plug compression Rotary drilled, hand cleaned
47 PC13b Sandstone 0.76 0.25 12.00 0.83 Canada Vogan (1977) plug compression Rotary drilled, hand cleaned
48 PC13c Sandstone 0.95 0.25 12.00 1.25 Canada Vogan (1977) plug compression Rotary drilled, hand cleaned
49 PC27 Sandstone 0.58 0.27 6.50 Australia Pells et al (1978) Pier compression test
50 A13 Sandstone 0.92 0.15 1.73 USA Drossel (1970) Anchor pull-out test
51 PC18 Chalk 8.00 1.05 1.04 0.19 UK Buttling (1976) Pier compression test Constructed using bentonite slurry and tremie 
method
52 PC19 Chalk 10.00 1.05 0.21 UK Buttling (1976) Pier compression test Constructed using bentonite slurry
53 PC20 Chalk 10.00 0.90 0.12 UK Buttling (1976) Pier compression test
54 PC21 Chalk 6.10 0.41 0.15 UK Lord (1976) Pier compression test
55 PT5a Chalk 1.50 0.76 0.24 Palmer (1976) Pier pull-out tests 
56 PT5b Chalk 1.50 0.76 0.18 Palmer (1976) Pier pull-out tests 
57 A1 Chalk 3.00 0.08 1.00 0.22 UK Littlejohn (1970) Anchor pull-out test
58 A12 Chalk 1.50 0.12 0.45 UK Associated Tunnelling (1973) Anchor pull-out test
59 PC2 Limestone 1.50 0.76 1.63 USA Jackson et al. (1973) Pier compression test Percussion drill, tremie concrete
60 PC7 Limestone 3.00 0.61 2.07 USA D'Appolonia (1967) Pier compression test
61 PC23 Limestone 1.50 0.46 1.74 USA Spencer et al., undated) Pier compression test
62 A8 Limestone 2.83 Switzerland Losinger and Co., Ltd. (1966) Anchor pull-out test
63 A9 Limestone 1.50 0.10 4.55 Switzerland Ruttner (1966) Anchor pull-out test
64 A10 Limestone 1.80 0.06 0.27 USA Saliman and Schefer (1968) Anchor pull-out test
65 A11 Limestone 0.20 0.04 1.80 Canada Brown (1970) Anchor pull-out test
66 PC22 Keuper Marl 3.30 0.60 0.36 UK Jordan and Dobie (1976) Pier compression test
67 PC26 Keuper Marl 4.00 0.76 1.30 0.23 UK Davis (1974) Pier compression test
68 PC15 Andesite 0.56 0.46 10.40 1.10 Canada Rosenberg and Journeaux (1976) plug compression End resistance was eliminated
69 PC17 Diabase 12.20 0.62 0.33 0.12 South Africa Webb (1976) Pier compression test
70 A4 3.00 0.18 1.99 USA Schmidt (1956) Anchor pull-out test
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up fsp (MPa) Site location Reference Test type Notes
71 A6 Basalt 0.61 0.06 6.37 UK Parker (1958) Anchor pull-out test
72 PC11a Slate 0.64 0.23 1.89 Canada Vogan (1977) plug compression Rotary drilled with tricone bit
73 PC11b Slate 1.05 0.23 1.17 Canada Vogan (1977) plug compression Rotary drilled with tricone bit
74 PC11c Slate 1.13 0.23 1.07 Canada Vogan (1977) plug compression Rotary drilled with tricone bit
75 PC12a Slate 0.98 0.23 0.47 Canada Vogan (1977) plug compression Rotary drilled with tricone bit
76 PC12b Slate 1.62 0.23 1.07 Canada Vogan (1977) plug compression Rotary drilled with tricone bit
77 PT2 Mica Schist 0.80 0.31 2.66 USA ENR (1937) Pier pull-out test Excavated with cable tools and reaming bit, 
walls are smooth
78 A7a Slate 3.00 0.14 1.80 UK Littlejohn and Trueman-Davies (1974) Anchor pull-out test
79 A7b Slate 2.27 UK Littlejohn and Trueman-Davies (1974) Anchor pull-out test
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length (m) B (m)
qu 
(MPa) fsp (MPa) fsr/fsp Site location References Comments Test types
Measurement 
type
sandstone D2-S 0.9 0.71 6 0.65 1 Sydney, Australia Pells et al (1980) Compression socket Direct data
sandstone East-C 1.4 0.61 9.3 1.93 not carried to failure Farmington, USA Glos and Briggs (1983) Roughned Compression socket Direct data
Sandstone West-C 1.47 0.61 8.4 2.12 not carried to failure Farmington, USA Glos and Briggs (1983) Roughned Compression socket Direct data
Mudstone F1-S 1 1.2 3.06 1.05 Melbourne, Australia Johnston and Donald (1979) Compression socket Direct data
Mudstone F2-S 1 1.2 1.93 0.94 Melbourne, Australia Johnston and Donald (1979) Compression socket Direct data
Mudstone S1-S 1.52 0.66 0.83 0.56 Melbourne, Australia Williams (1980) Compression socket Direct data
Mudstone S3-S 2.51 1.17 0.55 0.51 1 Melbourne, Australia Williams (1980) Roughned Compression socket Direct data
Mudstone S5-S 2.59 1.12 0.59 0.485 0.99 Melbourne, Australia Williams (1980) Compression socket Direct data
Mudstone S14-S 0.87 0.395 0.58 0.5 0.75 Melbourne, Australia Williams (1980) Roughned Compression socket Direct data
Mudstone S15-S 0.87 0.395 0.58 0.41 0.45 Melbourne, Australia Williams (1980) Roughned Compression socket Direct data
Mudstone S16-S 0.87 0.395 0.58 0.36 not carried to failure Melbourne, Australia Williams (1980) Roughned Compression socket Direct data
Mudstone M1-S 2 1.22 2.46 0.6 1 Melbourne, Australia Williams (1980) Cast under bentonite Compression socket Direct data
Mudstone M2-S 2 1.3 2.3 0.64 0.98 Melbourne, Australia Williams (1980) Roughned Compression socket Direct data
Mudstone M3-S 2 1.23 2.3 0.71 1 Melbourne, Australia Williams (1980) Compression socket Direct data
Mudstone M4-S 2 1.35 2.34 0.62 0.95 Melbourne, Australia Williams (1980) Roughened and cast under bentonite Compression socket Direct data
Mudstone M8-C 1.8 0.66 2 0.967 0.83 Melbourne, Australia Williams (1980) Compression socket Direct data
Mudstone M9-C 4.2 0.66 2.3 0.89 1 Melbourne, Australia Williams (1980) Compression socket Direct data
Mudstone M10-C 7.8 0.66 3.4 0.55 not carried to failure Melbourne, Australia Williams (1980) Compression socket Direct data
Mudstone ES-S 1.52 1.09 7.2 0.86 not carried to failure Melbourne, Australia Williams (1980) Compression socket Direct data
Mudstone WG-303-S 2 1.58 3.49 0.85 0.95 Melbourne, Australia Williams (1980) Compression socket Direct data
Shale 1-C 2.9 0.61 62 0.932 not carried to failure Canada Vogan (1977) Compression socket Direct data
Shale P1-S 1.37 0.71 6.75 1.54 not carried to failure Burlington, Canada Horvath et al (1983) Compression socket Direct data
Shale P2-C 1.37 0.71 6.75 1.45 not carried to failure Burlington, Canada Horvath et al (1983) Compression socket Direct data
Shale P3-S 1.37 0.71 6.75 2.13 0.96 Burlington, Canada Horvath et al (1983) Roughned Compression socket Direct data
Shale P4-C 1.37 0.71 6.75 1.8 not carried to failure Burlington, Canada Horvath et al (1983) Roughned Compression socket Direct data
Shale P5-C 1.37 0.71 6.75 1.59 not carried to failure Burlington, Canada Horvath et al (1983) Compression socket Direct data
Shale P6B-S 1.37 0.71 6.75 2.48 not carried to failure Burlington, Canada Horvath et al (1983) Roughned Compression socket Direct data
Shale 2-S 1 0.4 30 2.69 Redfern, Australia Ground Test Pty, Ltd (1976) Compression socket Direct data
Shale 1 3.35 0.685 3.06 1.1 not carried to failure Perth, Australia Millar (1976) Cast under bentonite Compression socket Direct data
Shale TP1 5.15 0.66 0.49 0.3 not carried to failure Perth, Australia Millar (1976) Compression socket Direct data
Shale TP2 8.9 0.787 2.68 0.5 not carried to failure Perth, Australia Millar (1976) Compression socket Direct data
Shale 1-S 0.91 0.635 15.2 1 not carried to failure Toronto, Canada MTC (1968) Compression socket Direct data
Shale 1-S 0.9 0.48 35 3.64 not carried to failure Ottawa, Canada Seychuk (1970) Compression socket Direct data
Shale P3-S 0.7 0.45 34 2.5 Sydney, Australia Throne (1980) Compression socket Direct data
Shale P6-S 1.3 0.9 21 1.1 not carried to failure Sydney, Australia Throne (1980) Compression socket Direct data
Claystone 1-C 2 0.75 5.5 1.3 NSW, Australia Elec. Comm. Of NSW Compression socket Direct data
siltstone A1-C 4.9 1.2 1 0.28 not carried to failure Australia Sales (1983) Compression socket Direct data
Chalk 1-S 8 1.05 1.036 0.19 not carried to failure Littlebrook, UK Mallard and Ballantyne (1976) Compression socket Direct data
Diabase X-S 12 0.615 0.412 0.122 1 Johannesburg, SA Webb (1976) Compression socket Direct data
Andesite 1-S 0.56 0.46 10.4 1.1 1 Canada Rosenberg and Journeaux (1976) Compression socket Direct data
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length (m) B (m)
qu 
(MPa) fsp (MPa) fsr/fsp Site location References Comments Test types
Measurement 
type
Schist S 9.45 0.61 40 0.37 not carried to failure Philadelphia, USA Koutsoftas (1981) Compression socket Direct data
Limestone 3.83 10.7 0.762 3.83 0.38 not carried to failure Miami, USA Gupton et al. (1982) Compression socket Direct data
Limestone 6.5 5.49 0.762 6.5 0.78 not carried to failure Singer Is., USA Gupton et al. (1982) Compression socket Direct data
Sandstone A1-S 0.96 0.075 6 0.82 1 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone A2-S 0.92 0.21 6 1.12 0.91 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone A3-S 0.4 0.315 6 1.41 1 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone A4-S 1.37 0.21 6 0.89 0.92 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone A5-S 0.518 0.21 6 0.81 0.8 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone B1-S 0.46 0.16 6 0.94 0.44 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone B2-S 0.45 0.16 6 1.16 0.65 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone B3-S 0.52 0.315 6 0.89 0.89 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone B4-S 0.33 0.255 6 1.65 0.67 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone B5-S 0.62 0.16 6 1.13 0.53 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone C3-S 0.45 0.31 6 0.48 1 Sydney, Australia Pells et al. (1980) Auger smear on wall Compression socket Direct data
Sandstone C4-S 0.6 0.21 6 1.2 0.88 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone C5-S 0.7 0.21 6 1.17 0.86 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone D1-S 1.3 0.29 6 0.32 1 Sydney, Australia Pells et al. (1980) Cast under bentonite Compression socket Direct data
Sandstone E3-S 1.27 0.29 6 0.68 1 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone X1-S 0.184 0.16 14 2.3 0.61 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone X2-S 0.16 0.064 14 2.6 0.65 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone X4-S 0.13 0.084 14 3.46 0.85 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone X5-S 0.33 0.084 14 2.43 0.5 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone X6-S 0.385 0.084 14 2.59 0.61 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone X9-S 0.255 0.091 14 0.15 1 Sydney, Australia Pells et al. (1980) Cast under bentonite Compression socket Direct data
Sandstone X7-S 0.112 0.16 14 5.22 0.44 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone X8-S 0.16 0.16 14 2.69 0.29 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone C2-S 0.34 0.21 30 4.75 0.59 Sydney, Australia Pells et al. (1980) Compression socket Direct data
Sandstone 1-S 0.97 0.267 27.6 3.87 not carried to failure Sydney, Australia MacKenzie (1969) Compression socket Direct data
Sandstone 1-S 0.64 0.245 12 0.9 0.95 Lennox Is., Canada Vogan (1977) Compression socket Direct data
Sandstone 2-S 0.76 0.245 12 0.83 0.8 Lennox Is., Canada Vogan (1977) Compression socket Direct data
Sandstone 3-S 0.95 0.245 12 1.25 0.83 Lennox Is., Canada Vogan (1977) Compression socket Direct data
Mudstone S12-S 0.9 0.335 0.59 0.41 0.63 Melbourne, Australia Williams (1980) Compression socket Direct data
Limestone 7-C 0.102 0.108 74 4.43 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 10-C 0.152 0.108 74 3.92 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 8-C 0.203 0.108 74 1.72 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 9-C 0.305 0.108 74 2.28 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 1-C 0.127 0.159 74 2.12 0.89 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 13-S 0.152 0.159 74 3.31 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 5-C 0.165 0.159 74 3.69 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 11-S 0.178 0.159 74 1.62 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
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qu 
(MPa) fsp (MPa) fsr/fsp Site location References Comments Test types
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type
Limestone 2-C 0.229 0.159 74 4.52 not carried to failure Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 14-C 0.229 0.159 74 1.55 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 4-C 0.305 0.159 74 2.98 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 15-C 0.305 0.159 74 1.77 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 3-C 0.432 0.159 74 2.14 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 6-C 0.457 0.159 74 2.79 not carried to failure Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 12-C 0.508 0.159 74 3.35 not carried to failure Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 16-C 0.229 0.229 74 1.13 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Limestone 17-S 0.216 0.229 74 2.88 1 Ottawa, Canada Gibson (1973) Compression socket Direct data
Sandstone 1A-S 1.08 0.471 2.5 0.53 not carried to failure E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 1B-S 1.75 0.45 2.5 0.73 1 E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 1C-S 2.77 0.45 2.5 0.68 not carried to failure E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 2B-S 0.9 0.45 2.5 0.63 1 E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 2C-S 1.3 0.536 2.5 0.48 not carried to failure E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 2D-S 0.5 0.45 2.5 0.42 1 E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 2F-S 1.67 0.436 2.5 0.91 0.91 E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 3A-S 0.6 0.45 18 0.59 0.8 E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 3B-S 0.8 0.45 18 3.18 not carried to failure E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Sandstone 3C-S 1.6 0.45 18 2.26 not carried to failure E. Transvaal, South Africa Webb and Davies (1980) Pull-out Direct data
Shale 1-S 6 0.61 0.48 0.31 not carried to failure Brookfield, N.S., Canada Matich and Kozicki (1967) Roughned Pull-out Direct data
Shale 1-S 0.9 0.203 20.7 2.1 not carried to failure Canada Rosenberg and Journeaux (1976) Pull-out Direct data
Shale 1-S 1.075 San Francisco, USA Moore (1964) Compression socket Indirect test data
Shale 1-S 3.36 0.917 0.24 0.96 UK Thorburn (1966) Compression socket Indirect test data
Shale 2-C 1.22 1.22 9.4 0.75 UK Thorburn (1966) Compression socket Indirect test data
Shale 1-S 0.7 0.838 2.46 Toronto, Canada Trow (1972) Compression socket Indirect test data
Shale 4-S 0.9 0.46 0.628 Allegheny Co., PA, USA Spanovich and Garvin (1979) Compression socket Indirect test data
Shale 9-S 0.9 0.61 0.4 Allegheny Co., PA, USA Spanovich and Garvin (1979) Compression socket Indirect test data
Shale 3-S 0.9 0.76 1.322 Allegheny Co., PA, USA Spanovich and Garvin (1979) Compression socket Indirect test data
Shale 7-S 1.5 0.76 0.352 Allegheny Co., PA, USA Spanovich and Garvin (1979) Compression socket Indirect test data
Shale 2-S 1.5 0.89 0.621 Allegheny Co., PA, USA Spanovich and Garvin (1979) Compression socket Indirect test data
Shale 1-C 0.95 0.5 0.22 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 2-C 0.825 0.49 0.38 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 3-C 0.9 0.5 0.72 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 1-C 0.95 0.5 0.21 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 2-C 0.95 0.5 0.3 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 3-C 0.95 0.5 0.26 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 4-C 0.95 0.5 0.27 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 5-C 0.95 0.5 0.86 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 6-C 0.95 0.5 0.42 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 1-C 0.7 0.8 2.5 Toronto, Canada Horvath et al. (1980) Compression socket Indirect test data
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(MPa) fsp (MPa) fsr/fsp Site location References Comments Test types
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Clay-shale DT1-C 1.37 0.89 0.62 0.28 Dallas, Texas, Montopolis, USA Aurora and Reese (1977) Compression socket Indirect test data
Clay-shale MT1-C 1.35 0.74 1.42 0.37 Dallas, Texas, Montopolis, USA Aurora and Reese (1977) Compression socket Indirect test data
Clay-shale MT2-C 1.35 0.79 0.41 Dallas, Texas, Montopolis, USA Aurora and Reese (1977) Compression socket Indirect test data
Clay-shale MT3-C 1.52 0.75 0.69 Dallas, Texas, Montopolis, USA Aurora and Reese (1977) Compression socket Indirect test data
siltstone 1-C 0.91 0.77 0.31 Calgary, Canada Bertok and Berezowski (1983) Compression socket Indirect test data
Chalk 1-C 10 1.05 0.205 Erith, UK Buttling (1976) Compression socket Indirect test data
Chalk 2-C 10 0.9 0.12 Dover, UK Buttling (1976) Compression socket Indirect test data
Chalk 1-C 6.1 0.406 0.148 Norwich, UK Lord (1976) Compression socket Indirect test data
Marl TP4 3.3 0.6 0.71 Redcar, UK Jorden and Dobiet (1976) Compression socket Indirect test data
Marl A 6.37 0.74 0.8 0.21 Kilroot, Ireland Leach et al. (1976) Compression socket Indirect test data
Marl B 8.98 0.74 0.8 0.12 Kilroot, Ireland Leach et al. (1976) Compression socket Indirect test data
Limestone 1-C 1.53 0.76 1.63 St. Louis, Missouri, USA Jackson et al. (1973) Compression socket Indirect test data
Limestone 1-C 3 0.61 2.07 Buffalo, USA D'Appolonia (1967) Compression socket Indirect test data
Limestone 1-C 2.72 1.83 1.64 Chicago, USA Bushell and Baker (1982) Compression socket Indirect test data
Limestone 1-C 2.91 0.76 10.92 0.9 1 Dade Co. Florida, USA Kaderabek (1982) Compression socket Indirect test data
Biotite-Gneiss 1-S 3.3 1.1 0.96 Costa Nunnes and Fernandes (1981) Compression socket Indirect test data
Shale 1-C 0.47 0.3 0.2 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 2-C 0.47 0.3 0.25 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 3-C 0.49 0.3 0.36 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 4-C 0.49 0.3 0.36 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 5-C 0.48 0.3 0.45 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Shale 6-C 0.48 0.3 1.35 Prague, Czechoslovakia Nemec (1979) Compression socket Indirect test data
Slate 1-S 0.64 0.23 1.885 not carried to failure Canada Vogan (1977) Compression socket Indirect test data
Slate 2-S 1.05 0.23 1.167 not carried to failure Canada Vogan (1977) Compression socket Indirect test data
Slate 3-S 1.13 0.23 1.07 not carried to failure Canada Vogan (1977) Compression socket Indirect test data
Slate 4-S 0.98 0.23 0.47 not carried to failure Canada Vogan (1977) Compression socket Indirect test data
Slate 5-S 1.62 0.23 1.07 not carried to failure Canada Vogan (1977) Compression socket Indirect test data
Mudstone East-S 1 0.9 1.09 0.12 not carried to failure Port Elizabeth, South Africa Wilson (1976) Socket pull-out Indirect test data
Mudstone West-S 1 0.9 1.09 0.18 not carried to failure Port Elizabeth, South Africa Wilson (1976) Socket pull-out Indirect test data
Shale 1-S 1 0.76 1.3 1 Whitby, Canada Horvath et al. (1980) Socket pull-out Indirect test data
Chalk 1-S 1.52 0.762 0.242 Grays, Essex, UK Palmer (1977) Socket pull-out Indirect test data
Chalk 2-S 1.52 0.762 0.181 Grays, Essex, UK Palmer (1977) Socket pull-out Indirect test data
Mica schist 1-S 0.8 0.305 2.66 not carried to failure New York, USA ENR (1937) Socket pull-out Indirect test data
Mudstone 1-S 14 0.1 1.09 0.31 not carried to failure Port Elizabeth, South Africa Wilson (1976) Anchors
Shale 1-S 0.6 0.076 0.345 0.7 Hamilton, Canada MTC (1964) Anchors
Shale 2-S 0.9 0.076 0.345 1 Hamilton, Canada MTC (1964) Anchors
Shale 3-S 1.2 0.076 0.443 1 Hamilton, Canada MTC (1964) Anchors
Chalk 3 0.076 0.995 0.215 Reading and Ramsgate, UK Littlejohn (1970) Anchors
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Table 6.50 Zhang and Einstein (1998) tip resistance database (database and all data are reproduced from Zhang and Einstein, 1998 
database with minor revisions) 
 
  
No. Rock type B (mm) Depth to base (m) qu (MPa) qmax (MPa) δ/B (%) References
1 Mudstone, cretaceous 670 6 4.2 6.88 7 Wilson (1976)
2 Clay shale, occasional thin limestone laminations 762 8.8 0.81 4.69 6.2 Geoke and Hustad (1979)
3 Shale, thinly bedded 457 13.7 3.82 10.8 10 Hummert and Cooling (1988)
4 Shale, unweathered 305 2.4 1.08 3.66 10 Jubenville and Hepworth (1981)
5 Gypsum 1064 4.2 2.1 6.51 15 Keung and Ko (1993)
6 Gypsum 1064 4.2 4.2 10.9 15 Keung and Ko (1993)
7 Gypsum 1064 4.2 5.4 15.7 15 Keung and Ko (1993)
8 Gypsum 1064 4.2 6.7 16.1 15 Keung and Ko (1993)
9 Gypsum 1064 4.2 8.5 23 15 Keung and Ko (1993)
10 Gypsum 1064 4.2 11.3 27.7 15 Keung and Ko (1993)
11 Till 762 0.7 4 1.3 Orpwood et al. (1989)
12 Till 762 0.81 4.15 4.6 Orpwood et al. (1989)
13 Till 762 1 5.5 1.4 Orpwood et al. (1989)
14 Diabase, highly weathered 615 12.2 0.52 2.65 4 Webb (1976)
15 Hardpan 1281 18.3 1.38 5.84 4 Baker (1985)
16 Till 1920 20.7 0.57 2.29 1.9 Baker (1985)
17 Hardpan 762 18.3 1.11 4.79 7.3 Baker (1985)
18 Sandstone, horizontally bedded, shaley, RQD = 74% 610 15.6 8.36 10.1 1.7 Glos and Briggs (1983)
19 Sandstone, horizontally bedded, shaley and some coal, RQD =88% 610 16.9 9.26 13.1 1.7 Glos and Briggs (1983)
20 Mudstone, highly weathered 300 2 0.65 6.4 6.4 Williams (1980)
21 Mudstone, highly weathered 300 1 0.67 7 5.7 Williams (1980)
22 Mudstone, moderately weathered 1000 15.5 2.68 5.9 1.1 Williams (1980)
23 Mudstone, moderately weathered 1000 15.5 2.45 6.6 0.7 Williams (1980)
24 Mudstone, moderately weathered 1000 15.5 2.45 7 0.6 Williams (1980)
25 Mudstone, moderately weathered 1000 15.5 2.68 6.7 0.7 Williams (1980)
26 Mudstone, moderately weathered 600 1.8 1.93 9.2 14.1 Williams (1980)
27 Mudstone, moderately weathered 1000 3 1.4 7.1 10.9 Williams (1980)
28 Shale 34 28 Thorne (1980)
29 Sandstone 12.5 14 Thorne (1980)
30 Sandstone, fresh 27.5 50 Thorne (1980)
31 Shale, occasional recemented moist fractures and thin mud seams 55 27.8 Thorne (1980)
32 Clay shale 740 7.24 1.42 5.68 8.8 Aurora and Reese (1977)
33 Clay shale 790 7.29 1.42 5.11 8.9 Aurora and Reese (1977)
34 Clay shale 750 7.31 1.42 6.11 6 Aurora and Reese (1977)
35 Clay shale 890 7.63 0.62 2.64 6.6 Aurora and Reese (1977)
36 Siltstone, medium hard 705 7.3 9 13.1 12 Radhakrishnan and Leung (1989)
37 Marl, intact 1200 18.5 0.9 5.3 Carrubba (1997)
38 Diabase breccia, highly fractured, RQD = 10% 1200 19 15 8.9 Carrubba (1997)
39 Limestone, intact 1200 13.5 2.5 8.9 Carrubba (1997)
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Table 6.51 Evaluation of side resistance methods with external databases 
 
Design methods Databases 
Horvath and 
Kenney (1979) 
Rowe and Armitage (1984) Stark, Long and Assem 
(2013) 
Rosenberg and Journeaux 
(1976) 
µλ 0.83 1.15 1.08 
σλ 0.45 0.58 0.44 
δλ 0.55 0.5 0.41 
Horvath and Kenney (1979) µλ 1.24 1.73 1.57 
σλ 0.68 0.87 0.65 
δλ 0.55 0.5 0.41 
Pells et al. (1979) µλ 0.89 1.07 1.78 
σλ 0.72 0.95 0.88 
δλ 0.8 0.89 0.5 
Williams (1980) µλ 0.89 1.3 0.96 
σλ 0.54 0.71 0.42 
δλ 0.6 0.54 0.44 
Kaderabek and Reynolds 
(1981) 
µλ 0.59 0.71 1.18 
σλ 0.48 0.63 0.59 
δλ 0.8 0.89 0.5 
Rowe and Armitage (1984) µλ 0.69 0.96 0.87 
σλ 0.38 0.48 0.36 
δλ 0.55 0.5 0.41 
Carter and Kulhawy (1988) µλ 1.54 2.16 1.96 
σλ 0.85 1.09 0.81 
δλ 0.55 0.5 0.41 
Hassan (1994) for rough 
interfaces  
µλ 0.36 0.43 0.71 
σλ 0.29 0.38 0.35 




Table 6.51 Cont. Evaluation of side resistance methods with external databases 
 
Design methods Databases 
Horvath and 
Kenney (1979) 
Rowe and Armitage (1984) Stark, Long and Assem 
(2013) 
Miller (2003) µλ 0.77 1.08 0.98 
σλ 0.43 0.54 0.4 
δλ 0.55 0.5 0.41 
Kulhawy et al. (2005) µλ 0.97 1.08 1.24 
σλ 0.54 0.54 0.51 
δλ 0.55 0.5 0.41 
Stark, Long and Assem 
(2013) 
µλ 0.59 0.71 1.18 
σλ 0.48 0.63 0.59 






Table 6.52 Evaluation of tip resistance methods with external databases 
 
Design methods Databases 
Paikowsky et al. 
(2010) 
Stark, Long and  
Assem (2013) 
Zhang and Einstein (1998) 
Teng (1962) µλ 24.64 20.32 17.79 
σλ 24.98 10.97 10.86 
δλ 1.01 0.54 0.61 
Coates (1967) µλ 1.64 1.35 1.19 
σλ 1.67 0.73 0.72 
δλ 1.01 0.54 0.61 
Rowe and Armitage (1987) µλ 1.97 1.63 1.42 
σλ 2 0.88 0.87 
δλ 1.01 0.54 0.61 
Carter and Kulhawy (1988) µλ 23.46 19.35 16.94 
σλ 23.79 10.45 10.34 
δλ 1.01 0.54 0.61 
ARGEMA (1992) µλ 1.09 0.9 0.79 
σλ 1.11 0.49 0.48 
δλ 1.01 0.54 0.61 
Zhang and Einstein (1998) µλ 1.64 1.01 1.06 
σλ 2.82 0.44 0.34 
δλ 1.72 0.44 0.32 
Canadian Foundation 
Engineering Manual (2006) 
µλ 7.51   
σλ 6.92   






Table 6.52 Cont. Evaluation of tip resistance methods with external databases 
 
Design methods Databases  
Paikowsky et al. 
(2010) 
Stark, Long and 
Assem (2013) 
Zhang and Einstein (1998) 
Rock Foundations (1994) 
method 1 
µλ 13.61   
σλ 13.8   
δλ 1.01   
Rock Foundations (1994) 
method 2 
µλ 1923   
σλ 9329   
δλ 4.85   
Rock Foundations (1994) 
method 3 
µλ 31.02   
σλ 31.26   











Figure 6.1 L1-L2 method (after Hirany, 1988). zy, qy, zf and qf correspond to L1, q1, L2 and 
q2 in Hirany (1988) method, respectively. The method of Hirany (1988) is partly 





Figure 6.2a Variation of bias (λ) in the predictions of the method of Randolph and Wroth 
(1978) for initial shear stiffness (Ksi) with properties of soft rock mass and drilled 





Figure 6.2b Comparison of the measured and predicted initial shear stiffness (Ksi) 
using the method of Randolph and Wroth (1978) (all data from published 






Figure 6.3a Variation of bias (λ) in the predictions of the method of Hirayama (1990) for 
initial shear stiffness (Ksi) with properties of soft rock mass and drilled shaft 





Figure 6.3b Comparison of the measured and predicted initial shear stiffness (Ksi) 
using the method of Hirayama (1990) (all data from published literature 





Figure 6.4a Variation of bias (λ) in the predictions of the method of Rowe and Armitage 
(1984) for peak shear stress (fsp) with properties of soft rock mass and drilled 
shaft geometry using the quality data (all data from published literature and 





Figure 6.4b Comparison of the measured and predicted peak shear stress (fsp) using the 
method of Rowe and Armitage (1984) using the quality data (all data from 






Figure 6.5a Variation of bias (λ) in the predictions of the method of Hassan (1994) (using fsp 
model for rough interfaces) for peak shear stress (fsp) with properties of soft rock 
mass and drilled shaft geometry using the quality data (all data from published 





Figure 6.5b Comparison of the measured and predicted peak shear stress (fsp) using the 
method of Hassan (1994) (using fsp model for rough interfaces) using the 






Figure 6.6a Variation of bias (λ) in the predictions of the method of Hassan (1994) (using fsp 
model for smooth interfaces) for peak shear stress (fsp) with properties of soft rock 
mass and drilled shaft geometry using the quality data (all data from published 





Figure 6.6b Comparison of the measured and predicted peak shear stress (fsp) using the 
method of Hassan (1994) (using fsp model for smooth interfaces) using the 






Figure 6.7a Variation of bias (λ) in the predictions of the method of Seidel and Collingwood 
(2001) for peak shear stress (fsp) with properties of soft rock mass and drilled 
shaft geometry using the quality data (all data from published literature and 





Figure 6.7b Comparison of the measured and predicted peak shear stress (fsp) using the 
method of Seidel and Collingwood (2001) using the quality data (all data 





Figure 6.8a Variation of bias (λ) in the predictions of the method of Stark, Long and Assem 
(2013) for peak shear stress (fsp) with properties of soft rock mass and drilled 
shaft geometry using the quality data (all data from published literature and 





Figure 6.8b Comparison of the measured and predicted peak shear stress (fsp) using the 
method of Stark, Long and Assem (2013) using the quality data (all data 





Figure 6.9a Variation of bias (λ) in the predictions of the method of Goodman (1980) for 
drilled shaft tip normal stiffness (Kn) with properties of soft rock mass and drilled 
shaft geometry using tip resistance database (all data from published literature and 





Figure 6.9b Comparison of the measured and predicted drilled shaft tip normal 
stiffness (Kn) using the method of Goodman (1980) (all data from 





Figure 6.10a Variation of bias (λ) in the predictions of the method of Lee et al. (2013) for 
drilled shaft tip normal stiffness (Kn) with properties of soft rock mass and drilled 
shaft geometry using the tip resistance database (all data from published literature 





Figure 6.10b Comparison of the measured and predicted drilled shaft tip normal 
stiffness (Kn) using the method of Lee et al. (2013) (all data from 





Figure 6.11a Variation of bias (λ) in the predictions of the method of Stark et al. (2013) for 
drilled shaft tip yield pressure (qy) with properties of soft rock mass and drilled 
shaft geometry using tip resistance database (all data from published literature and 





Figure 6.11b Comparison of the measured and predicted drilled shaft tip yield pressure 
(qy) using the method of Stark, Long and Assem (2013) (all data from 





Figure 6.12a Variation of bias (λ) in the predictions of the method of ARGEMA (1992) for 
drilled shaft tip bearing capacity (qb) with properties of soft rock mass and drilled 
shaft geometry using lower-bound data from tip resistance database (all data from 





Figure 6.12b Comparison of the measured and predicted drilled shaft tip bearing 
capacity (qb) using the method of ARGEMA (1992) (all data from 





Figure 6.13a Variation of bias (λ) in the predictions of the method of Rock Foundations (1994) 
(method I) for drilled shaft tip bearing capacity (qb) with properties of soft rock 
mass and drilled shaft geometry using lower-bound data from tip resistance 





Figure 6.13b Comparison of the measured and predicted drilled shaft tip bearing 
capacity (qb) using the method of Rock Foundations (1994) (method I) (all 





Figure 6.14a Variation of bias (λ) in the predictions of the method of Rock Foundations (1994) 
(method II) for drilled shaft tip bearing capacity (qb) with properties of soft rock 
mass and drilled shaft geometry using lower-bound data from tip resistance 





Figure 6.14b Comparison of the measured and predicted drilled shaft tip bearing 
capacity (qb) using the method of Rock Foundations (1994) (method II) 





Figure 6.15a Variation of bias (λ) in the predictions of the method of Rock Foundations (1994) 
(method III) for drilled shaft tip bearing capacity (qb) with properties of soft rock 
mass and drilled shaft geometry using lower-bound data from tip resistance 





Figure 6.15b Comparison of the measured and predicted drilled shaft tip bearing 
capacity (qb) using the method of Rock Foundations (1994) (method III) 





Figure 6.16a Variation of bias (λ) in the predictions of the method of Zhang and Einstein 
(1998) for drilled shaft tip bearing capacity (qb) with properties of soft rock mass 
and drilled shaft geometry using lower-bound data from the tip resistance 





Figure 6.16b Comparison of the measured and predicted drilled shaft tip bearing 
capacity (qb) using the method of Zhang and Einstein (1998) (all data from 





Figure 6.17a Variation of bias (λ) in the predictions of the method of Canadian Foundation 
Engineering Manual (2006) for drilled shaft tip bearing capacity (qb) with 
properties of soft rock mass and drilled shaft geometry using lower-bound data 






Figure 6.17b Comparison of the measured and predicted drilled shaft tip bearing 
capacity (qb) using the method of Canadian Foundation Engineering 







Figure 6.18 Evaluation of normal and lognormal distributions for description of bias for 
method of Rosenberg and Journeaux (1976) using side resistance quality data (all 






Figure 6.19 Evaluation of normal and lognormal distributions for description of bias for 
method of Horvath and Kenney (1979) using side resistance quality data (all data 






Figure 6.20 Evaluation of normal and lognormal distributions for description of bias for 
method of Pells et al. (1979) using side resistance quality data (all data from 






Figure 6.21 Evaluation of normal and lognormal distributions for description of bias for 
method of Williams (1980) using side resistance quality data (all data from 






Figure 6.22 Evaluation of normal and lognormal distributions for description of bias for 
method of Kaderabek and Reynolds (1981) using side resistance quality data (all 






Figure 6.23 Evaluation of normal and lognormal distributions for description of bias for 
method of Rowe and Armitage (1984) using side resistance quality data (all data 






Figure 6.24 Evaluation of normal and lognormal distributions for description of bias for 
method of Cater and Kulhawy (1988) using side resistance quality data (all data 






Figure 6.25 Evaluation of normal and lognormal distributions for description of bias for 
method of Hassan (1994) for rough interfaces using side resistance quality data 






Figure 6.26 Evaluation of normal and lognormal distributions for description of bias for 
method of Hassan (1994) for smooth interfaces using side resistance quality data 






Figure 6.27 Evaluation of normal and lognormal distributions for description of bias for 
method of Seidel and Collingwood (2001) using side resistance quality data (all 






Figure 6.28 Evaluation of normal and lognormal distributions for description of bias for 
method of Miller (2003) using side resistance quality data (all data from published 






Figure 6.29 Evaluation of normal and lognormal distributions for description of bias for 
method of Kulhawy et al. (2005) using side resistance quality data (all data from 






Figure 6.30 Evaluation of normal and lognormal distributions for description of bias for 
method of Stark, Long and Assem (2013) using side resistance quality data (all 






Figure 6.31 Evaluation of normal and lognormal distributions for description of bias for 
method of Teng (1962) using tip resistance q2 data (all data from published 






Figure 6.32 Evaluation of normal and lognormal distributions for description of bias for 
method of Coates (1967) using tip resistance q2 data (all data from published 






Figure 6.33 Evaluation of normal and lognormal distributions for description of bias for 
method of Rowe and Armitage (1987) using tip resistance q2 data (all data from 






Figure 6.34 Evaluation of normal and lognormal distributions for description of bias for 
method of Carter and Kulhawy (1988) using tip resistance q2 data (all data from 






Figure 6.35 Evaluation of normal and lognormal distributions for description of bias for 
method of ARGEMA (1992) using end resistance q2 data (all data from published 






Figure 6.36 Evaluation of normal and lognormal distributions for description of bias for 
method of Zhang and Einstein (1998) using tip resistance q2 data (all data from 






Figure 6.37 Evaluation of normal and lognormal distributions for description of bias for 
method of Canadian Foundation Engineering Manual (2006) using tip resistance 






Figure 6.38 Evaluation of normal and lognormal distributions for description of bias for 
method of Rock Foundations (1994) (method 1) using tip resistance q2 data (all 






Figure 6.39 Evaluation of normal and lognormal distributions for description of bias for 
method of Rock Foundations (1994) (method 2) using tip resistance q2 data (all 






Figure 6.40 Evaluation of normal and lognormal distributions for description of bias for 
method of Rock Foundations (1994) (method 3) using tip resistance q2 data (all 
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CONSTRUCTION EFFECTS ON THE PROPERTIES 
OF ROCK SOCKETS 
 
7.1 Introduction 
The method of construction affects the rock socket properties and thus influences the 
axial behavior of drilled shafts (Brown, 2004). The following examples are selected from the 
technical literature to illustrate the importance of the construction method on axial resistance and 
stiffness of rock sockets in soft rocks: 
 
1. Construction under the presence of mineral drilling fluid (e.g., slurry) results in the 
development of a disturbed and remolded zone (i.e., filter cake) on the perimeter of the 
rock socket in porous and permeable rocks such as limestone and sandstone (Williams, 
1980). Williams and Pells (1981) observed that casting of the concrete under bentonite 
slurry significantly reduced the side resistance of rock sockets in sandstone. This suggests 
that in this case, the shear surface must have formed at the concrete and filter cake 
interface. 
2. Williams and Pells (1981) showed that the drilled shafts in sandstone that are cast under 
slurry and rock sockets with auger smear showed almost identical shear stress-shear 
displacement behavior. 
3. The roughness of the rock/concrete interface and the compressive strength of rock socket 
walls influence the location of the shear surface. 
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4. The construction of drilled shafts alters the in situ state of stress around a drilled shaft and 
thus will influence the initial normal stress that acts on the soft rock/concrete interface. 
 
The quantification of construction effects on the properties of rock sockets is important 
for the design of drilled shafts in soft rocks. The available methods for this purpose are reviewed 
and evaluated. Additionally, recommendations are made for the quantification of construction 
effects on rock socket properties. 
 
7.2 Socket Wall Roughness 
The significance of the socket wall roughness height to the evaluation of the side 
resistance of rock sockets depends on the location of the shear surface, which is mobilized on the 
perimeter of the rock socket wall. The followings describe the possible locations of the shear 
surface in rock sockets in soft rocks: 
 
1. The shear surface is at a distance away from the socket wall and is mobilized inside the 
adjacent rock mass: Hassan et al. (1997), using field evidence, showed that the shear 
surface will migrate from the rock/concrete interface to the adjacent rock mass when the 
socket wall is rough, especially for the case of drilled shafts in clay shale. Williams 
(1980) also observed that the shear surface formed inside the rock mass and not at the 
rock/concrete interface for drilled shaft load tests in weathered Sydney siltstone. 
2. The shear surface is mobilized at the rock/concrete interface: Hassan et al. (1997) 
suggested that when the socket wall is relatively smooth and clean, the shear surface 
would form at the rock/concrete interface. 
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3. The shear surface forms at the concrete and smeared material interface: Williams (1980) 
and Williams and Pells (1981) observed the formation of the smeared material (remolded 
material) in rock sockets in soft rocks. They reported significant reductions in the side 
resistance of these rock sockets. The reduction in side resistance in these cases may be 
explained by the formation of shear surface at the interface of concrete and remolded 
material. 
 
The above observations show that socket wall roughness is most significant to the 
evaluation of side resistance in rock sockets when the shear surface is at the rock/concrete 
interface. These same observations also show that socket wall roughness can be a determining 
factor in the location of the shear surface, which in turn affects the side resistance of the rock 
sockets. Therefore, quantification of roughness height is important when the peak side resistance 
in a rock socket is evaluated. Several methods have been proposed in the technical literature for 
characterization of roughness. These methods are summarized in Chapter 4. These methods are 
reviewed in this chapter in greater detail. A database where the rock socket wall roughness 
height was measured is compiled (mainly from the work of Collingwood, 2000). The methods 
for prediction of the roughness are discussed and evaluated when possible. Recommendations 
are provided for prediction of the roughness height in rock sockets. 
 
7.2.1 Characterization of socket wall roughness 
The methods for characterization and quantification of roughness of rock/concrete joints 
are discussed in this section and the applicability of these methods to available drilled shaft axial 
load test case histories are discussed. These include the methods of Barton and Choubey (1977), 
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Krahn and Morgenstern (1979), Pells et al. (1980), Williams (1980), Horvath (1982), Seidel 
(1993) and Collingwood (2000). 
Barton and Choubey (1977) proposed a method that is based on visual comparison of the 
in situ joint roughness profiles and the standard profiles that were proposed by Barton and 
Choubey (1977). These “standard” profiles are reproduced from Barton and Choubey (1977) in 
Figure 7.1. Based on this method, the roughness of the socket wall profile is examined visually 
and the closest profile from Figure 7.1 (after Barton and Choubey, 1977) is chosen (Hoek, 2006). 
A Joint Roughness Coefficient (JRC) is then assigned to the profile. The necessary information 
(i.e., rock/concrete interface roughness profiles) for application of this method to drilled shaft 
case histories of Chapter 3 are not available for a large number of drilled shaft axial load tests 
reported in this study. 
Krahn and Morgenstern (1979) proposed an extension of the root mean square method 















dx          (7-1) 
 
The variables in Equation 7-1 are shown in Figure 7.2. Z2 is the root mean square of the 
first derivative of the joint roughness profile, L is the distance over which the roughness is 
measured, x is the length between successive readings of the asperity height and y is the asperity 
height. Therefore, an accurate measurement of the interface roughness is required. 
Pells et al. (1980) proposed a table that can be used to arrive at a qualitative 
characterization of the roughness of rock/concrete profile. This method uses the wave-length and 
564
 
amplitude of the roughness asperities. Once the roughness is quantified using this method, it is 
classified in terms of roughness classes R1 to R4. These roughness classes are shown in Table 
7.1. This method can be used to only qualitatively classify the roughness of the socket walls and 
thus is of limited applicability in the design of drilled shafts in soft rock. 
Williams (1980) developed a roughness classification based on the standard deviation of 
asperity angle and asperity height of the rock socket roughness profile. The proposed correlations 
of Williams (1980) are shown below 
 
σh =

















         (7-3) 
 
where σh and σi are the standard deviations of the height and asperity angle, hj is the height of 
the jth asperities, havg is the average height of the asperities and tan ij and tan iavg are the tangents 
of the jth and average asperity angles of the rock/concrete interface. 
Horvath (1982) proposed a dimensionless number for characterizing the roughness of 
rock socket walls. The proposed correlation accounts implicitly for the shape of asperities and 
the length of the rock socket. Once the socket is drilled and the sides of the socket are cleaned, 
four vertical profiles are mapped inside the socket, which are 90 degrees apart from one another. 
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These profiles are used to define the average asperity height (havg) and the total travel distance 









          (7-4) 
 
where havg is the average asperity height, lt is the total travel distance along the socket wall, r is 
the radius of the rock socket (i.e., B/2) and L is the length of the rock socket. The advantages of 
the method of Horvath (1982) over other methods discussed thus far are: i) inputs to the RF are 
more readily available, ii) it accounts for the geometry of the rock socket, iii) it implicitly 
accounts for the shape of the asperities and iv) it provides a numerical measure of the socket wall 
roughness. The effect of scale and length of the rock joints were investigated by Bandis (1980) 
and the method of Horvath (1982) attempts to apply this theory to rock/concrete interfaces. 
Bandis (1980) showed that the roughness of a joint will decrease with an increase in the length of 
the joint and thus is scale dependent. 
Seidel (1993) proposed a new method for determination of the roughness of rock socket 
walls. In Seidel (1993) method, the roughness is determined using the Fractal Dimension and the 
“Compass Walking” method. In the compass walking method, “a compass of a constant opening 
(r) is walked over the mapped joint profile (see Figure 7.3 for an example of a typical joint 
roughness profile) and the number (N) of complete and fractional steps is counted” (Seidel, 





D = − log(N)
log(r)
           (7-5) 
 
The fractal dimension determined from the compass walking method is related to the 
standard deviation of the asperity angle (σi ) (after Seidel and Collingwood, 2001) 
 
σi ≈ cos
−1 N(1−D)/D( )           (7-6) 
 
Assuming a Gaussian distribution for roughness angle (i), Seidel and Collingwood (2001) 
showed that the standard deviation of the roughness angle (σi) may be related to the average 









havg = l × sin iavg           (7-8) 
 
where iavg is the average asperity angle, havg is the average asperity height and l is the asperity 
chord length. 
Collingwood (2000) proposed a method that can be considered an upgraded version of 
Barton and Choubey (1977) for use in drilled shaft design. According to this method, 
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representative roughness profiles from the rock socket wall are obtained. The measured 
roughness profiles are then visually compared with the sample profiles of Collingwood (2000) 
(e.g., see Figure 7.4 for an example of sample roughness profiles proposed by Collingwood, 
2000). The best profile match from Collingwood (2000) collection of roughness profiles is then 
used to estimate the profile type (A through D according to method of Collingwood, 2000) and a 
value of h50 for the rock socket under design. h50 is defined as the average roughness height of 
the profile when a chord length (l) of 50 mm is used in the compass stepping (walking) method 
described earlier for characterization of the roughness profile. The estimated h50 is then used 
with Figure 7.5, proposed by Collingwood (2000), for estimation of variation of the socket wall 
roughness and chord length. 
 
7.2.2 Rock socket roughness database 
The technical literature is reviewed and a database is compiled that includes the measured 
socket wall roughness statistics for drilled shafts that are socketed in soft rocks. The database is 
summarized in Tables 7.2 and 7.3. The database includes 191 case records with measured socket 
wall roughness statistics. The roughness statistics include the average roughness asperity height 
(havg), roughness asperity angle (i) and standard deviation of roughness asperity height and 
roughness asperity angle. The construction method for these drilled shafts include excavation 
using flight auger, bucket auger, core barrel and percussion hammer. The rock types include 
shale, siltstone, sandstone and basalt. The unconfined compressive strength (qu) and diameter (B) 
for each rock socket is also provided in the summary results in Tables 7.2 and 7.3. The socket 
roughness height was determined in accordance to the method proposed by Seidel (1993) for 
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most of the cases documented in Tables 7.2 and 7.3. The database is collected from the work of 
Williams (1980), Byacan (1996) and Collingwood (2000). 
 
7.2.3 Study of roughness database 
The rock/concrete interface properties affect shear stress-shear displacement relationship 
(i.e., t-z relationship) for drilled shafts in soft rock mass if the shear plane coincides with the 
rock/concrete interface. The rock/concrete interface roughness also affects the location of the 
shear surface whereby rough interfaces will force the shear surface to migrate into the rock mass. 
The effect of different parameters on the roughness of the socket wall are evaluated in this 
section. 
 
7.2.3.1 Effect of rock unconfined compressive strength (qu) 
The unconfined compressive strength (qu) of soft rock specimens is an index for 
quantification of the compressive strength of the socket walls and is often related to the total 
hardness of the rock. Therefore, the unconfined compressive strength of rock is an indirect 
measure of its resistance to wear (Coulson, 1970). It is therefore expected that the construction 
induced roughness of the socket walls and qu should be correlated. The measured socket wall 
roughness is plotted versus qu of the soft rock in Figure 7.6. This figure shows that as qu of the 
rock socket wall increases, the roughness of the interface decreases and that the drilling tools’ 
effect on the produced roughness compared to the effect of soft rock qu is insignificant. The 
general trend in Figure 7.6 is in agreement with the observations of Coulson (1970) for the 
roughness of natural rock joints. 
 
7.2.3.2 Effect of socket diameter 
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Collingwood (2000) proposed that the socket wall roughness height (h) increases with the 
diameter (B) of the drilled shaft. Figure 7.7 shows the effect of socket diameter (B) on the 
measured roughness of the socket wall. This figure shows that in general, the socket wall 
roughness appears to be larger for rock sockets with larger diameters. However, a clear trend 
cannot be observed and a definitive statement about the relationship between socket wall 
roughness height and drilled shaft diameter may not be made. The comparison of Figures 7.6 and 
7.7 indicates that the effect of rock unconfined compressive strength (qu) on wall roughness is 
more significant compared to that of the socket diameter (B). 
 
7.2.3.3 Effect of drilling tool 
The roughness of the socket wall in general is expected to be greater for a rock socket 
that is excavated using flight auger equipment than that of a rock socket that is drilled using a 
core barrel. The data presented in Figure 7.7, however, does not support this idea. This figure 
shows that the roughness of the rock socket remains more or less the same regardless of the type 
of equipment that is used to drill the socket. This conclusion, however, might be affected by the 
scatter in the existing roughness database. Therefore, better quality data is needed for a more 
detailed evaluation of the effect of drilling tool on the produced socket wall roughness that is not 
available at this time. 
 
7.2.4 Evaluation of predictive methods for socket wall roughness 
Seidel and Collingwood (2001) method is proposed for estimation of the mean roughness 
height (h) for the rock socket wall asperities using measurable variables such as rock unconfined 
compressive strength (qu) and socket diameter (B). The micro-mechanical model for side 
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resistance proposed by the Monash University researchers was used by Seidel and Collingwood 
(2001) to back-calculate the “effective roughness asperity height” of the rock socket wall for 
case histories reported in Collingwood (2000) drilled shaft load test database using the following 
expression 
 
h = (1+ ν)×SRC×B
η× n
          (7-9) 
 
where h is the mean effective (i.e., back-calculated) roughness height of socket wall asperities, 
SRC is the “shaft resistance coefficient”, B is the socket diameter, η is a coefficient that accounts 
for the effect of construction, ν is the Poisson’s ratio and n is the ratio of the modulus of 
deformation of rock mass (Em) to the unconfined compressive strength of soft rock intact 
specimen (qu). The values of SRC can be obtained from Figure 7.8 that was proposed by 
Collingwood (2000) and Seidel and Collingwood (2001). Collingwood (2000) used the 
predictive method of Rowe and Armitage (1984) to estimate the modulus of deformation of the 
rock mass. The method of Rowe and Armitage (1984) is shown below 
 
Em(MPa) = 215× qu(MPa)          (7-10) 
 
where Em is the modulus of deformation of rock mass and qu is the unconfined compressive 
strength of intact rock. It must be noted that both Em and qu in Equation 7-10 are in units of MPa. 
The evaluation of the method of Rowe and Armitage (1984) in Chapter 5, however, showed that 
this method overestimates the modulus of deformation of rock mass for very soft rocks. 
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Collingwood (2000) back-calculated effective roughness height (h) using the following 
procedure: 
 
1. First, a representative unconfined compressive strength (qu) was obtained for each rock 
socket, 
2. The value of peak unit side resistance (fsp) was back-analyzed from the results of drilled 
shaft load tests, 
3. The qu and fsp and Figure 7.8 were used to back-calculate the corresponding values of 
SRC for each rock socket in Coollingwood (2000) drilled shaft axial load test database. 
4. The back calculated SRC, estimated qu and Em (using Equation 7-10) and Equation 7-9 
were used to estimate an average socket wall roughness height (h). 
 
The back-calculated data by Collingwood (2000) is shown in Figure 7.9. The Author 
used a side resistance drilled shaft load test database of 317 case histories that are introduced in 
Chapter 3 (and Appendix B) of this thesis to back-analyze the effective socket wall roughness (h) 
for this drilled shaft load test database using the proposed method of Collingwood (2000) and 
Seidel and Collingwood (2001). The back-analyzed effective roughness height (h) data are 
shown and compared with the predictive method of Collingwood (2000) and Seidel and 
Collingwood (2001) in Figure 7.10 (using the Em predicted based on method of Rowe and 
Armitage, 1984) and Figure 7.11 (using the Em predicted based on the method proposed in this 
study, see Chapter 5). The method of Collingwood (2000) and Seidel and Collingwood (2001) is 
also compared with the “measured” socket wall roughness asperity height for the rock sockets 
(see Tables 7.2 and 7.3 for the data that are obtained from the published literature) that are 
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constructed in soft rock. This is shown in Figure 7.12. The following observations can be made 
in relation to the analysis results described above: 
 
1. Figures 7.10 and 7.11 show the variations of the effective roughness height (h) of the 
rock sockets that are back-calculated using the method of Seidel and Collingwood (2001) 
versus the unconfined compressive strength of soft rock. These figures show remarkable 
scatter. The data in these figures cannot be used to suggest any trends for the roughness 
of rock sockets as a function of the unconfined compressive strength (qu). The general 
trend illustrated by the back-analyzed data also does not support the upper- and lower-
bound lines that are proposed by Collingwood (2000) and Seidel and Collingwood 
(2001). 
2. Figure 7.12 shows a plot of “measured” socket wall roughness height versus the 
unconfined compressive strength of the soft rock that represents the compressive strength 
of the socket wall (Barton and Choubey, 1977). The predictive method proposed by 
Collingwood (2000) and Seidel and Collingwood (2001) is also superposed on the 
measured roughness height data (see Tables 7.2 and 7.3 for the summary of the data) in 
this figure. A few observations can be made: i) the scatter of the data is significantly less 
than the scatter in Figures 7.10 and 7.11 that correspond to the back-calculated data, ii) 
Figure 7.12 shows that roughness of the rock sockets decrease with an increase in the 
compressive strength of soft rock and iii) the general trend presented in Figure 7.12 by 
the measured roughness data is not in complete agreement with the upper- and lower-
bounds proposed by Collinwood (2000) and Seidel and Collingwood (2001). 
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3. The scatter present in the measured and predicted socket wall roughness data indicates 
that the roughness of rock sockets is not just a function of the unconfined compressive 
strength (qu) of soft. Other factors such as drilling tool, rate of drilling and type of rock 
could also affect the roughness of rock socket walls. Additional data are required for a 
better understanding of the factors that affect the roughness of the rock/concrete interface 
in drilled shafts. 
4. The method of Collingwood (2000) and Seidel and Collingwood (2001) accounts for the 
effect of socket diameter. However, a plot of measured socket wall roughness as a 
function of socket diameter indicates that the socket roughness does not vary significantly 
with the diameter of the rock socket. 
 
7.2.5 Proposed predictive method for average asperity height (h) 
The predictive method of Collingwood (2000) and Seidel and Collingwood (2001) is 
reviewed and evaluated using the available measured and back-calculated socket wall roughness 
heights. It was shown that remarkable scatter exists in the back-calculated effective roughness 
height data and that no trend could be observed between back-calculated roughness height and qu 
of the soft rock even though the method of Collingwood (2000) and Seidel and Collingwood 
(2001) accounts for all other factors that could affect the asperity height. The scatter in the 
measured asperity height is much less than the back-analyzed effective asperity height and thus 
is more suitable for development of a predictive method. The proposed predictive method that is 







qu (MPa) + 6.53
         (7-11) 
 
where havg is the estimated roughness asperity height in mm and qu is the unconfined 
compressive strength of soft rock in units of MPa. 
 
7.3 Rock/Concrete Interface Infilling 
One of the first studies on the effects of infilling thickness on the shear strength of the 
rock joint interfaces was conducted at the University of Illinois at Urbana-Champaign by Nieto-
Pescetto (1974). Nieto-Pescetto (1974) studied the effect of infilling thickness on the shear 
stress-shear displacement of the rock joints. Two types of rock joint infillings were studied by 
Nieto-Pescetto (1974), namely the Non-interfering and Interlocking joints. In a Non-interfering 
joint, the thickness of the infillings is large enough that the rock joint walls will not interact as 
the joint walls are displaced with respect to one another (see Figure 7.14). In an Interlocking 
joint (see Figure 7.15), however, the thickness of the infillings is small and thus the joint walls 
will interact as they displace with respect to one another. Figure 7.16 shows hypothetical shear 
stress-shear displacement variations for the two types of interface infilling thicknesses studied by 
Nieto-Pescetto (1974). The shear stress-shear displacement plots can be described as follows: i) 
shear stress-shear displacement variations for both infilling thicknesses shows the development 
of a distinct peak shear stress and marked brittle (or unstable) post-peak response, ii) the peak 
shear stress is developed at a larger displacement for the Non-interfering joint as compared to the 
Interlocking joints and iii) the post-peak degradation of the peak shear stress with displacement 
is larger for Non-interfering joints that are characterized with a larger infilling material thickness. 
The variation of the coefficient of friction (µJ = fsp/σ'v where σ'v is the vertical stress on the rock 
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joint) based on the work of Nieto-Pescetto (1974) is shown in Figure 7.17 that shows as the 
thickness of the rock joint infilling increases, the coefficient of friction (µJ) decreases. The 
discussion presented and the test results by Nieto-Pescetto (1974) indicate that large joint 
infilling thickness has detrimental effects on the behavior of these joints. It is shown in Chapter 4 
that the behavior of rock joints and rock/concrete interfaces in drilled shafts in soft rocks are 
similar and therefore presence of residual layers of disturbed and remolded material may 
adversely affect the shear strength and deformational properties of the rock sockets. 
The discussions presented in the previous sections assume a “clean” rock/concrete joint 
after the conclusion of the rock socket construction. This assumption, however, is rarely satisfied 
in practice because the construction procedures may leave a layer of disturbed or remolded soil 
or rock powder on the socket walls prior to concrete pour. This event will lead to reduction of the 
socket wall roughness and the available interface shear strength of the rock/concrete interface if 
the shear plane is at the rock/concrete interface. The presence of the rock/concrete infillings can 
also affect the location of the shear surface whereby large infilling thicknesses will result in 
formation of the shear surface within the infilling material. According to Holden (1984), the joint 
infillings can be deposited during the construction of the rock socket when the excavated socket 
is filled with slurry for hole stabilization purposes (e.g., in a reverse circulation drilling) or layers 
of remolded material can form on the walls of the excavated hole (observed by Williams, 1980 
for drilled shafts in Melbourne siltstone). This disturbed soil layer may be partially removed 
during concreting if the shear strength of the remolded material is less than that of fluid concrete 
or by the final cleaning stages of the construction (Holden, 1984). The remaining remolded soil 




The initial thickness of the joint infillings that are produced as a result of wet 
construction depends on socket wall permeability, time of exposure to slurry, differential 
pressure of the slurry with respect to groundwater pressure and construction procedure (Holden, 
1984). The permeability of the socket wall controls the amount of seepage into the socket wall 
geomaterial. And thus the amount of soil deposited on the socket wall. Holden (1984) observed 
that the thickness of “filter cake” deposited on the socket walls in sandstone was remarkably 
larger than the thickness of the filter cake in a rock socket in mudstone. This is because the 
permeability of the mudstone is smaller than the permeability of sandstone. This is, however, 
only true for the case of fresh and relatively unweathered mudstone formations that are 
encountered in deep rock sockets. In a badly weathered and jointed mudstone (e.g., Melbourne 
mudstone), the presence of the secondary structure (joints and beddings) will increase the in situ 
permeability of the mudstone rock mass beyond the permeability of the intact material that may 
be measured in the laboratory. Therefore, a rock socket constructed in a fractured mudstone (or 
any other fractured fined grained rock) is also prone to formation of a filter cake. 
The thickness of the remolded and disturbed materials (i.e., filter cake) will increase with 
the time of exposure and the head of slurry as is shown in Figure 7.18. The increase in the head 
of slurry is often desirable because it will increase the effectiveness of the slurry in providing 
wall stability during the excavation phase of the drilled shaft construction. It will also decrease 
the water inflow into the socket and thus will prevent the socket wall softening as well as heave 
and softening of the base. The adverse effect is that the seepage into the socket wall will increase 
with an increase in the head of slurry that will lead to deposition of more disturbed material on 
the socket wall. This will lead to increase in the thickness of the filter cake and possible 
reduction in the side resistance of rock socket. 
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The only empirical data on the observed thickness of the filter cake (remolded and 
disturbed material) is reported by Holden (1984). The data are reproduced from Holden (1984) 
and are shown in Figure 7.18. The figure shows that the thickness of the filter cake increases 
with the time of exposure and slurry head. This figure can be used to obtain a conservative 
estimate of initial thickness of the remolded zone on the wall of rock sockets that are drilled 
under the presence of slurry. This predicted thickness is then used to calculate the net roughness 
asperity height of the socket wall as follows 
 
hnet = havg − hfc           (7-12) 
 
where hnet is the net asperity height, havg is the initial roughness height and hfc is the estimated 
thickness of the infilling material. 
 
7.4 Initial Normal Stress 
The initial normal stress on the rock socket wall is needed in analysis of the initial shear 
stiffness, the peak unit side shear resistance and the post-peak brittleness of shear surface (Rowe 
and Pells, 1980). The technical literature, however, does not contain much guidance for the 
prediction of the initial normal stress for drilled shaft design in soft rock. The initial normal 
stress may be estimated using two different methods.  
The first method involves the estimation of the normal stress exerted by the head of 
concrete on the socket wall. Most of the information on this topic is available from the structural 
engineering literature concerning the lateral pressure exerted on the formwork by the head of 
fluid concrete (Theuer, 1944; Rodin, 1952; Schjodt, 1955; Levitsky, 1973; Ritchie, 1962 and the 
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American Concrete Institute). The estimation of the lateral pressure exerted by concrete, 
however, is not an easy task because measurements from experimental research show that lateral 
stresses acting on the formwork diverge from hydrostatic conditions at a so called “critical 
depth.” The estimation of concrete pressure requires a knowledge of the method of concrete 
pour, concrete placement rate, concrete temperature and concrete slump, most of which are often 
not reported in the drilled shaft case histories that are reviewed in Chapter 3 (also see Appendix 
B). 
The second approach involves the estimation of the initial stresses in the ground (see 
Chapter 5) adjacent to the drilled shaft. The estimation of the initial normal stresses using this 
approach, however, requires some assumptions regarding the state of stress in the ground after 
the drilled hole is filled with concrete. The friction angle and the overconsolidation ratio (OCR) 
for the soft rock mass should also be estimated. 
Static equilibrium at the drilled shaft/soft rock concrete requires that these two stresses be 
equal. In the subsequent sections, we will review methods for estimation of the concrete 
pressure. The methods for estimation of earth pressure are reviewed in Chapter 5. 
 
7.4.1 Stresses exerted by the fresh concrete 
Numerous methods are available for determination of the pressure exerted by the head of 
fresh concrete on a vertical plane. Most of these studies are reported in the structural engineering 
literature and are mainly concerned with the pressure that fresh concrete exerts on the formwork 





7.4.1.1 Review of previous methods 
Theuer (1944) and Hoffman (1943) proposed a relationship for the maximum pressure 
that is exerted by the head of fresh concrete on the forms. This relationship is shown below 
 
σmax =
γ mix ×R × tan
2(45− φ / 2)
2.72 × λ
        (7-13) 
 
where σmax is the maximum pressure exerted by the fresh concrete, γmix is the unit weight of the 
concrete mix, φ is the internal friction angle of concrete and λ is a coefficient that accounts for 
the time dependent changes in the concrete pressure and R is the rate of concrete placement. It 
can be seen from the above equation that the concrete pressure is mainly a function of the 
placement rate and concrete properties and that it can change with time. 
Rodin (1952) provided a rational explanation of the concrete pressure against the 
formwork that is shown in Figure 7.19. Rodin (1952) proposed that if fresh concrete behaved as 
a liquid, the pressure distribution against the formwork would have followed curve I. Rodin 
(1952) proposed that due to arching in the concrete, the pressure distribution is more likely to 
follow that shown by Curve II and that it would deviate from the hydrostatic condition. Rodin 
(1952) further pointed out that the pressure distribution might resemble that shown by Curve III 
due to hydration and shrinkage of the concrete. If the shrinkage of concrete does not take place, 
Rodin (1952) proposed that the pressure distribution would be similar to that shown by Curve 
IV. Rodin (1952) also reviewed a large number of in situ measurements of concrete pressure on 
formwork and developed relationships to represent the envelop to the observed pressure 
distributions with depth. For the case that concrete is hand-spaded, the maximum pressure may 




σmax =110 × hcr           (7-14) 
 
and the critical depth may be estimated as follows 
 
hcr = 3.6 × R3           (7-15) 
 
If, on the other hand, the concrete is vibrated, the maximum pressure of concrete is 
obtained from the following expression 
 
σmax = 540 × R3           (7-16) 
 
where σmax is the maximum pressure (psf), hcr is a critical depth (ft) after which the pressure does 
not increase with depth and R is concrete placement rate (ft/hr). According to the work of Rodin 
(1952), it appears that the critical depth and the maximum pressure exerted by the concrete 
column are governed by the rate of concrete placement. 
Schjodt (1955) developed a theoretical correlation for the estimation of the maximum 
pressure exerted on the formwork. It must be noted that although the proposed method of Schjodt 
(1955) does not have an empirical basis, its formulation may have been affected by the 
information available from previous empirical work and test observations. The method of 














































⎥   (7-17) 
 
where k is ratio of the lateral to vertical pressure, h1 is the vibration influence depth, hs is the 
product of the concrete placement rate and setting time for concrete, γw is the unit weight of 
water, ς accounts for the pore water pressure as a function of height of concrete and all other 
variables are previously defined. 
Committee 622 (1958) of the American Concrete Institute (ACI), reviewed the available 
literature on the pressure of fresh concrete on the formwork and concluded that the maximum 
pressure is mainly affected by the rate of concrete placement, temperature of the concrete mix 
and effects of vibration. Based on the analysis of a large number of tests, ACI (1958) proposed 
the following equation for the estimation of the pressure of concrete on formwork 
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     (7-18) 
 
where T is the temperature of the concrete mix in °F and all other variables are previously 
defined. The above equation assumes a concrete unit weight of 150 pcf (23.6 kN/m3). 
CIRIA (1965) reviewed a large number of in situ pressure measurement on formworks 
and proposed two different criteria for the estimation of the pressure of fresh concrete on the 






γ c ×R × t
1+ c × (t / tmax )
+12 × (8−R)         (7-19) 
 
The maximum pressure according to arching criterion is given by the following 
expression 
 
σmax = 30 + 50 × d + 20 ×R          (7-20) 
 
where γc is the unit weight of concrete (pcf), R is the rate of concrete placement (ft/hr), t is the 
time after the start of the concrete pour (hr), tmax is the stiffening time for concrete (hr), c is the 
vibration parameter and d is the minimum form dimension (in). The values for the variables c 
and tmax can be obtained from Figures 7.20 and 7.21. 
Gardener and Ho (1979) and Gardener and Quereshi (1979) performed laboratory 
investigations on the pressure of fresh concrete on the formwork. They studied the effect of 
vibration, dimensions of the formwork, rate of concrete placement, slump of concrete and 
temperature of the concrete mix. Based on their observations from tests and analyses, they 
proposed the following expression for estimation of the maximum concrete pressure 
 
σmax =153× hi +
2467×HP
d
+13.26 × d + 8305× R
T
+ 53× (S− 3)     (7-21) 
 
where hi (ft.) is the immersed depth of the vibratory equipment, HP is the horse power of the 
vibrator, d (in.) is the minimum dimension of the form, R (ft./hr) is the concrete placement rate, 
T (°F) is temperature, h (ft.) is the height of the form and S (in.) is the slump of the concrete. 
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Bernal and Reese (1983) studied the effect of placement rate, concrete temperature and 
concrete slump on horizontal pressure on cylindrical formworks. The test results from Bernal and 
Reese (1983) are summarized in Figures 7.22 to 7.25. The data presented in these figures 
indicate that the pressure of fresh concrete exerted on the sides of the formwork increases 
significantly as the slump and rate of placement of concrete increase. The data presented in 
Figures 7.22 to 7.25 also show that the concrete pressure approach the hydrostatic pressure as the 
slump of concrete approaches 7 to 9 inches (~ 178 mm to 229 mm). Bernal and Reese (1983) did 
not propose new expressions for the prediction of the maximum stress on the sides of formwork. 
Clear and Harrison (1985) reviewed the measured data on the lateral stress on the 
formwork exerted by fresh concrete and compared the method of CIRIA (1965) with the 
measured values. The study of Clear and Harrison suggested that the initial normal stress 
calculated using CIRIA (1965) overestimates the actual measured values. Based on the available 
data on the lateral pressure of concrete on the formwork, Clear and Harrison (1985) proposed the 
following equation for the maximum lateral pressure of concrete on formwork 
 
σmax =min γ c × C1 × R +C2 ×K × H −C1 R⎡⎣⎢
⎤
⎦⎥
, γ c × h{ }      (7-22) 
 
where C1 is a coefficient that is dependent on the size and shape of the formwork (= 1.0 for walls 
and 1.5 for columns), C2 is a coefficient that is dependent on the concrete mix that ranges from 
0.3 to 0.6, γc is the unit weight of concrete (kN/m3), H is the height of formwork (m), h is the 
vertical pour height (m), K is the temperature coefficient and R is the concrete placement rate 











          (7-23) 
 
where T is concrete temperature at placement and is in units of degrees Celsius. Clear and 
Harrison (1985) also defined a critical depth after which the lateral stress will not increase. 
The above discussion shows that the available methods are obviously not developed 
based on the measurement of the lateral concrete pressure in drilled shafts. Therefore, the 
performance and predictive capacity of these methods in relation to prediction of the concrete 
pressure in drilled shafts is unknown. Nonetheless, some important lessons can be learned from 
the review of the previous work on the lateral pressure of the concrete on the formwork. The 
work on the lateral pressure of concrete on formwork showed that this pressure is affected by the 
following variables: i) concrete mix, ii) concrete temperature at placing, iii) concrete placement 
rate, iv) size and shape of the structure (e.g., formwork) and v) slump of concrete. 
 
7.4.2 Initial normal stress for drilled shafts in soft rock mass: discussion 
The magnitude of the initial normal pressure on the rock/concrete interfaces in drilled 
shafts is required (e.g., Hassan, 1994; Hassan et al., 1997; Coolingwood, 2000) for analysis of 
side resistance of rock sockets. Well-documented experimental studies where the normal 
pressures due to fluid concrete on the perimeter of drilled shafts have been measured (e.g., Reese 
et al., 1968) are rare. Therefore, results of research on lateral pressure of concrete on formwork 
(e.g., Bernal and Reese, 1983; Clear and Harrison, 1985) have been frequently cited to infer 
initial stresses on the perimeter of rock sockets in drilled shafts. 
The only well-documented case where the lateral pressure of fluid concrete against 
geomaterial in a drilled shaft is measured is reported by Reese et al. (1968). The drilled shaft was 
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762 mm (30 in.) in diameter and the embedment depth was 8.23 m (27 ft.). The test shaft was 
constructed in San Antonio, Texas, US. The soil type at the test site was yellow clayshale. The 
liquid limit (LL) was 68.8%, the plastic limit (PL) was 28.3% (the method of sample preparation 
for Atterberg limits is not reported), the natural water content was approximately 20% and with 
an assumed specific gravity (Gs) of 2.65, a unit weight of 20.4 kN/m3 is back-calculated for the 
clay shale assuming that shale was fully saturated (i.e., Sr = 100%). Based on the values of the 
PL and LL and a calculated plasticity index (Ip) of 40.5% and the method of Terzaghi et al. 
(1996), a drained friction angle of 25 degrees is estimated for the clay shale. The water table is 
located at a great depth. Reese et al. (1968) used four UT pressure cells that were installed on the 
perimeter of the excavated hole before the concrete was poured. The measured lateral pressure 
and the calculated vertical stress are used to back-calculate a coefficient of earth pressure (K) of 
1.1 at the interface of soft rock/concrete for this drilled shaft. Mesri and Hayat (1993) proposed 
the following expression for the coefficient of earth pressure at-rest in overconsolidated clays 
 
Ko = 1− sinφ '( )×OCRsinφ '          (7-24) 
 
where Ko is the at-rest coefficient of earth pressure, φ' is the friction angle of overconsolidated 
soil and OCR is the overconsolidation ratio as defined by Terzaghi et al. (1996). If it can be 
assumed that the clay shale adjacent to the drilled shaft has returned to its pre-construction state 
(Stas and Kulhawy, 1984), the use of Equation 7-24 and the back-analyzed K of 1.1 for the clay 
shale lead to a back-analyzed OCR of approximately 4.7. The measured lateral pressure at the 
interface of the drilled shaft, variation of the total vertical pressure and the hydrostatic concrete 
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pressure with depth are shown in Figure 7.27. Figure 7.27 shows that the measured lateral 
pressure is very close to that of the hydrostatic concrete pressure. 
The rock mechanics literature (see detailed discussion in Chapter 5) is also interested in 
the in situ state of stress for applications such as the design of tunnels and cuts in both strong and 
soft rock masses. The in situ stresses, therefore, have been measured frequently and are reported 
by the past investigators (e.g., Brown and Hoek, 1978). A relatively large database consisting of 
196 measurements of in situ stresses in soft rock masses from different locations in the world is 
compiled and the case histories are summarized in Appendix D and discussed in Chapter 5. The 
variation of K with depth below ground surface (shown in Chapter 5 and reproduced in Figure 
7.28) indicated the variability in K near ground surface is significant (1 < K <10) and as depth 
increases, the range of K reduces to 1 to 3. The scatter in the in situ stress for near-surface 
measurements summarized in Figure 7.28 is significantly large that the available in situ data may 
not be used to develop a robust method for the prediction of K, however, a range of 1 to 3 is 
recommended for design purposes. 
The discussion presented above suggests that the calculation of the initial normal stress 
on the soft rock/concrete interface based on the hydrostatic head of concrete would provide a 
reasonable approximation of the initial lateral pressure and that alternative methods (e.g., Brown 
and Hoek, 1978; Goodman, 1980) will not lead to a significant decrease in the uncertainty in 
predictions of initial horizontal stresses on the sides of drilled shafts in soft rocks. Additionally, 
comparisons of initial and final normal stresses on shear surfaces reported for drilled shafts in 
Appendix B suggests that the initial normal stress is only a fraction of the total normal stress that 
acts on the shear plane when the peak shear stress is mobilized and thus the uncertainty in its 
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prediction will not affect the final results significantly. Therefore, the initial normal pressure 
(σni) will be calculated according to Equation 7-25 
 
σni = hc × γ c ≤ 3× σv           (7-25) 
 
where hc is the head of concrete above the center of the shaft segment of interest and γc is the unit 
weight of the concrete. The upper bound limit proposed in Equation 7-25 is based on the 
maximum meaningful observed horizontal stresses in soft rock masses that were reported in 
Appendix D and is based on the discussions of Chapter 5. 
 
7.5 Changes in Rock Mass Moisture Content 
In situ observations have shown that the water content of soft rock mass or stiff 
overconsolidated clay adjacent to drilled shafts increases during the construction of the drilled 
shaft and leads to softening of the socket walls. Meyerhof and Murdock (1953) measured the 
variation of the water content adjacent to a drilled shaft that was constructed in heavily 
overconsolidated insensitive fissured London Clay at Southall, West London. The measured 
variation of water content with distance from the drilled shaft wall at 0.61 m and 5.48 m from the 
ground surface are shown in Figure 7.29 (data and figures reproduced from Meyerhof and 
Murdock, 1953). Meyerhof and Murdock (1953) observed that the post-construction water 
content within a distance of about 51 mm (2 inches) from the drilled shaft/stiff clay interface was 
about 7% (at a depth of 5.48 m) greater than its original value. They also observed that the 
deviation of measured post-construction water content of stiff clay from its in situ value 
decreased as the depth of measurement decreased. The construction of the shaft was done by 
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hand and took two to three days to complete (Meyerhof and Murdock, 1953; Skempton, 1959). 
Skempton (1959) proposed a number of possible softening mechanisms that he believed were 
responsible for the increase in the water content of the stiff clay at Southall observed by 
Meyerhof and Murdock (1953). These mechanisms are summarized below: 
 
1. Stress relief during the drilling of the drilled shaft hole and migration of moisture to less 
stressed zones (i.e., regions in immediate contact with the drilled shaft) leads to increase 
in water content of the soft rock or stiff clay/concrete interface. 
2. Drilling fluid may increase the water content of the soft rock/concrete interface if the 
head of drilling fluid is larger than hydrostatic water pressure in the field in which case 
there will be a net flow of water from the hole into walls of the rock socket. This is 
especially true if the rock mass or stiff clay adjacent to the drilled shaft walls is fissured 
or jointed. 
3. Water from the freshly poured concrete may migrate into the fissured stiff clay or soft 
rock that will increase its water content. Chuang and Reese (1969) studied moisture 
migration from cement mortar to the adjacent geomaterial and concluded that water 
migration from cement is a function of a number of parameters. Chuang and Reese 
(1969) experiments showed that as the particle size of the geomaterial increases, the 
amount of cement penetration into the geomaterial voids increases, thereby creating a 
filter cake on the sides of the drilled shaft hole that acts as a seal and thus preventing the 
transfer of moisture from cement mortar to surrounding geomaterial. Accordingly, they 
showed that the change in the water content due to the placement of fresh concrete is 
more for fine-grained soils. Moreover, Chuang and Reese (1969) showed that as the 
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initial moisture content of the soil increases, the change in the water content as a result of 
concrete pour and subsequent water migration decreases. 
 
The above observations and proposed mechanisms all suggest that construction of drilled 
shafts in stiff clays and soft rock masses is accompanied by an increase in the water content of 
clay or rock mass next to the constructed drilled shaft. The observations of Meyerhof and 
Murdock (1953) and Chuang and Reese (1969) both suggest that the water content of these 
overconsolidated materials may increase by about 2 to 7% beyond its initial value. Barton and 
Choubey (1977) indicated that the “depth of penetration of weathering [and softening] into joint 
walls presumably depends on rock type, in particular on its permeability. A permeable rock will 
tend to be weakened throughout, while impermeable rocks will just develop weakened joint 
walls, leaving relatively unweathered rock in the interior of each block.” Therefore, the extent of 
the change in the water content of a given exposed rock mass in a borehole, among other factors, 
strongly depends on the permeability of the rock mass and the intact rock. 
The effect of change (i.e., increase) in water content on the shear strength (or 
compressive strength) of the surrounding rock mass is of practical importance in the design of 
drilled shafts in soft rock masses and especially in the determination of the side resistance at the 
soft rock/concrete interface. Barton and Choubey (1977) stated that the reduction of the shear 
strength of rock mass as a result of increase in water content “has been conclusively documented 
in the literature [see for instance Broch (1974) and Barton (1973)].” Barton and Choubey (1977) 
suggested that the reduction in unconfined compressive strength could be expected to be between 
10 to 30%. One of the most comprehensive studies on the effects of the change in the moisture 
content (or relative humidity) on the shearing strength of the minerals was conducted by Horn 
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(1960). Horn (1960) divided his rock samples into two groups, namely rocks with “massive-
structured minerals” (e.g., calcite, quartz and microline feldspar) and rocks consisting of 
minerals with “layer-lattice structure” (e.g., muscovite, phlogopite, biotite, chlorite, serpentine 
and talc). Horn (1960) showed that an increase in the relative humidity (that my be interpreted as 
an increase in the moisture content) will decrease the coefficient of friction for rocks consisting 
of layer-lattice minerals (i.e., muscovite) and will increase the coefficient of friction of the rocks 
consisting of minerals with massive structures. The findings of Horn (1960) are summarized in 
Figure 7.30. Horn’s observations regarding the behavior of rocks with layer-lattice minerals upon 
exposure to water is expected. However, the data shown for variation of coefficient of friction of 
minerals with massive structures (e.g., quartz) with change in the relative humidity (see Figure 
7.30) is in contradiction with the available data in the published literature. The Author has 
collected a large database on the rock intact and mass properties that are reported in Chapter 5 
(see also Appendix D). These data show that the shear strength of soft rock commonly decreases 
with increase in the water content both in fine- and in coarse-grained soft rocks. Figure 7.31 
shows unconfined compression tests on Illinois soft shales reported by Stark et al. (2013) that 
also shows a marked reduction in qu with increase in water content. Hendron et al. (1970) 
performed unconfined compression tests on specimens of black and gray shale in Illinois and 
showed that that the unconfined compressive strength (qu) decreases markedly with increase in 
water content. Williams (1980) showed that the confined and unconfined compressive strength 
of Sydney soft siltstone decrease with increase in water content of the rock. The decrease in 
shear strength with increase in water content is expected because greater water content indicates 
larger voids and less contact between the rock minerals. The increase in the coefficient of friction 
of rocks with massive structure with increase in relative humidity reported by Horn (1960) is 
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unreasonable and should not be adopted in design of drilled shafts foundations until a logical 
explanation for this observed behavior is provided. 
The change in the water content of insensitive fissured London clay at Southall at a depth 
of 5.48 m (see Figure 7.29) and adjacent to the drilled shaft/clay interface reported by Meyerhof 
and Murdock (1953) is now used to calculate an equivalent Specimen Quality Designation 
(SQD) following the recommendations of Anderson and Kolsatad (1979) and Terzaghi et al. 
(1996) (see Table 7.5). This will help shed light on the degree of soil/rock disturbance resulting 
from the construction of the drilled shafts in stiff clays and soft rocks. The initial water content 
(w) is approximately 31% and the change (increase) in the water content is about 6% at a depth 
of 5.48 m from ground surface. Equations 7-26 and 7-28 will be used to calculate the initial void 
ratio (eo), change in the void ratio (Δe) and the volumetric strain (εv) corresponding to a change 
in the water content (Δw) of 6% 
 















where Gs is the specific gravity (assumed 2.65 based on Coduto, 2001 and is in agreement with 
typical values of specific gravity provided by Goodman, 1980 that range between 2.1 for halite 
to 2.7 for calcite) and Sr is the saturation ratio (assumed 100% based on Meryerhof and 
Murdock, 1953 in situ observations). Using the above information, an initial void ratio of 0.82 
and change in the void ratio of 0.159 are calculated. The back-analyzed initial void ratio of 0.82 
is in agreement with typical values of void ratio for similar geomaterials (e.g., void ratio of 0.6 
for stiff glacial clay reported by Terzaghi et al., 1996; void ratio of 0.78 for Edmonton bentonitic 
shale that has a water content of 30% reported by Goodman, 1980). Equation 7-28 may now be 
used to calculate a volumetric strain (εv) of about 8.7%. The comparison of this calculated value 
of volumetric strain with SQD classification system (see Table 7.5, after Terzaghi et al., 1996) 
shows that the degree of disturbance of the stiff clay at the drilled shaft and stiff clay interface 
may be compared with that of an E quality specimen (i.e., εv > 8%). This indicates that the test 
method used to measure the compressive strength of the stiff clay or soft rock should not allow 
any change in the water content of the extracted samples because the sample should be 
representative of the in situ post-construction condition, assuming that the soft rock or stiff clay 
will not reconsolidate to its pre-construction condition. Therefore, an Unconsolidated Undrained 
(UU) test is the best approach for measurement of post-construction compressive strength of stiff 
fissured stiff clays and soft rocks for two reasons (Terzaghi et al., 1996): i) the test does not 
allow for drainage of extracted sample in the first stage of the test and thus will represent the 
effect of construction induced change in water content and subsequent softening and ii) the 
sample is confined and therefore the possibility of a premature failure along the preexisting 
planes of weakness (micro or macro fissures) is reduced. When a UU test is not possible, the 
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next most appropriate test for the purpose of measurement of post-construction compressive 
strength of stiff clays and soft rocks is an unconfined compression test. Accordingly, the 
relationships provided in Chapter 5 for variation of qu and water content should be used to 
estimate the qu for design purposes when the results of UU tests are not available. 
 
7.6 Concluding Remarks 
The rock socket wall roughness, change in the rock mass water content due to 
construction, mechanics of filter cake formation on rock socket walls and the initial normal stress 
on the socket walls are discussed in this chapter. The following presents a summary of the 
findings: 
 
1. The current methods for characterization and quantification of roughness of the interface 
are reviewed in the previous sections. The method of Collingwood (2000) was evaluated 
using a database of measured socket wall roughness. It is shown that back-calculated 
roughness height using the method of Collingwood (2000) does not support their 
proposed socket wall roughness predictive method. A similar approach to that of 
Collingwood and Coulson is proposed herein for prediction of socket wall roughness. In 
this proposed method, the “measured” roughness is correlated to the unconfined 
compressive strength of soft rock. It is observed that the scatter in this proposed method 
is less than that based on back-calculated socket wall roughness values. 
2. The mechanics of filter cake formation was reviewed and a simple empirical approach 
was proposed for estimation of the initial thickness of the filter cake. The proposed 
method is based on the work of Holden (1984). 
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3. The available theories for the prediction of the initial normal stress are reviewed. It is 
shown that these methods were not developed based on the stress measurements in rock 
sockets. A simple approach is proposed for determination of initial normal stresses that is 
based on measured lateral pressures in a drilled shaft in clay shale. It is shown that the 
initial lateral pressure may be estimated as the hydrostatic concrete pressure on the socket 
walls. 
4. The effect of the change in the water content during construction on the shear strength of 
the rock is discussed. It was concluded that the water content will increase between 2 to 
7% during the construction and that this increase in the water content will reduce the 
shear strength of the soft rock mass or stiff clay. Undrained tests on samples of D to E 
quality may be used to estimate the post-construction strength of the stiff clays and soft 
rocks. 
5. Increase of the water content of the socket wall (and thus decrease in the shear strength of 
socket walls and asperities) and formation of the disturbed and remolded zones on the 
perimeter of the rock socket suggest that the shear surface relevant to the study of side 
resistance of rock sockets forms i) within the disturbed material or ii) inside the rock 
mass. Because the socket walls in most rock sockets of Appendix B were clean, the latter 














R1 Straight, smooth sided socket, grooves and indentations less than 1 mm deep 
R2 Groove of 1 to 4 mm, width greater than 2 mm, at spacing 50 to 200 mm 
R3 Groove of 4 to 10 mm, width greater than 5 mm, at spacing 50 to 200 mm 
R4 Groove or undulations of depth 10 mm, width greater than 10 mm, at spacing 
50 to 200 mm 
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Table 7.2 Drilled shaft rock socket wall roughness: drilled shaft and construction techniques (all data from literature) 
 
  
Database ID Reference Reference ID Profile ID Location Site Rock type Rock weathering Construction Drilling Fluid
RF1 Williams (1980) S1 Melbourne Stanley Avenue siltstone highly weathered 3 flight auger
RF2 Williams (1980) S3 Melbourne Stanley Avenue siltstone highly weathered 3 flight auger
RF3 Williams (1980) S5 Melbourne Stanley Avenue siltstone highly weathered 3 flight auger
RF4 Williams (1980) S14 Melbourne Stanley Avenue siltstone highly weathered casing barrel
RF5 Williams (1980) S15 Melbourne Stanley Avenue siltstone highly weathered casing barrel
RF6 Williams (1980) S16 Melbourne Stanley Avenue siltstone highly weathered casing barrel and water
RF7 Williams (1980) M1 north side Melbourne Middleborough road siltstone moderately weathered bucket auger
RF8 Williams (1980) M1 south side Melbourne Middleborough road siltstone moderately weathered bucket auger
RF9 Williams (1980) M2 Melbourne Middleborough road siltstone moderately weathered bucket auger and roughned
RF10 Williams (1980) M3 Melbourne Middleborough road siltstone moderately weathered bucket auger
RF11 Williams (1980) WG303/2 north side Melbourne Westgate freeway siltstone moderately to slightly weathered bucket auger
RF12 Williams (1980) WG303/2 south side Melbourne Westgate freeway siltstone moderately to slightly weathered bucket auger
RF13 Williams (1980) F1 Melbourne Flinders street siltstone moderately weathered bucket auger
RF14 Collingwood (2000) C.1.1 Pile 308/1 1 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF15 Collingwood (2000) C.1.1 Pile 308/1 2 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF16 Collingwood (2000) C.1.1 Pile 308/1 3 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF17 Collingwood (2000) C.1.1 Pile 308/1 4 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF18 Collingwood (2000) C.1.1 Pile 308/1 5 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF19 Collingwood (2000) C.1.2 Pile 308/2 1 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF20 Collingwood (2000) C.1.2 Pile 308/2 2 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF21 Collingwood (2000) C.1.2 Pile 308/2 3 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF22 Collingwood (2000) C.1.2 Pile 308/2 4 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF23 Collingwood (2000) C.1.2 Pile 308/2 5 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF24 Collingwood (2000) C.1.2 Pile 308/2 6 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF25 Collingwood (2000) C.1.2 Pile 308/2 7 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF26 Collingwood (2000) C.1.2 Pile 308/2 8 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF27 Collingwood (2000) C.1.2 Pile 308/2 9 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF28 Collingwood (2000) C.1.2 Pile 308/2 10 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF29 Collingwood (2000) C.1.2 Pile 308/2 11 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF30 Collingwood (2000) C.1.2 Pile 308/2 12 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF31 Collingwood (2000) C.1.2 Pile 308/2 13 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF32 Collingwood (2000) C.1.2 Pile 308/2 14 Melbourne West Gate Freeway siltstone Bucket auger Bentonite
RF33 Collingwood (2000) C.1.3 Pile 310/1 1 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to highly jointed Bucket auger Bentonite
RF34 Collingwood (2000) C.1.3 Pile 310/1 2 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to highly jointed Bucket auger Bentonite
RF35 Collingwood (2000) C.1.3 Pile 310/1 3 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to highly jointed Bucket auger Bentonite
RF36 Collingwood (2000) C.1.3 Pile 310/1 4 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to highly jointed Bucket auger Bentonite
RF37 Collingwood (2000) C.1.3 Pile 310/1 5 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to highly jointed Bucket auger Bentonite
RF38 Collingwood (2000) C.1.4 Pile 313/4 1 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to extremely jointed Bucket auger Bentonite
RF39 Collingwood (2000) C.1.4 Pile 313/4 2 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to extremely jointed Bucket auger Bentonite
RF40 Collingwood (2000) C.1.4 Pile 313/4 3 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to extremely jointed Bucket auger Bentonite
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Table 7.2 Cont. Drilled shaft rock socket wall roughness: drilled shaft and construction techniques (all data from literature) 
 
  
Database ID Reference Reference ID Profile ID Location Site Rock type Rock weathering Construction Drilling Fluid
RF41 Collingwood (2000) C.1.4 Pile 313/4 4 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to extremely jointed Bucket auger Bentonite
RF42 Collingwood (2000) C.1.4 Pile 313/4 5 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to extremely jointed Bucket auger Bentonite
RF43 Collingwood (2000) C.1.4 Pile 313/4 6 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to extremely jointed Bucket auger Bentonite
RF44 Collingwood (2000) C.1.4 Pile 313/4 7 Melbourne West Gate Freeway Interbedded siltstone and sandstone Moderately to extremely jointed Bucket auger Bentonite
RF45 Collingwood (2000) C.2.1 Pile 9b-31 HW Melbourne Federation Square Basalt Moderately to highly weathered Core barrel Dry
RF46 Collingwood (2000) C.2.1 Pile 9b-31 HW-MW Melbourne Federation Square Basalt Moderately to highly weathered Core barrel Dry
RF47 Collingwood (2000) C.2.1 Pile 9b-31 HW-MW Melbourne Federation Square Basalt Moderately to highly weathered Core barrel Dry
RF48 Collingwood (2000) C.2.1 Pile 9b-31 MW-SW Melbourne Federation Square Basalt Moderately to highly weathered Core barrel Dry
RF49 Collingwood (2000) C.2.2 Pile 10b-4 HW Melbourne Federation Square Basalt Highly to slightly weathered Core barrel Dry
RF50 Collingwood (2000) C.2.2 Pile 10b-4 MW-SW Melbourne Federation Square Basalt Highly to slightly weathered Core barrel Dry
RF51 Collingwood (2000) C.2.2 Pile 10b-4 SW Melbourne Federation Square Basalt Highly to slightly weathered Core barrel Dry
RF52 Collingwood (2000) C.2.3 Pile 10b-15 HW Melbourne Federation Square Basalt Highly weathered Core barrel Dry
RF53 Collingwood (2000) C.2.3 Pile 10b-15 HW-MW Melbourne Federation Square Basalt Highly weathered Core barrel Dry
RF54 Collingwood (2000) C.2.3 Pile 10b-15 MW Melbourne Federation Square Basalt Highly weathered Core barrel Dry
RF55 Collingwood (2000) C.2.3 Pile 10b-15 MW-SW Melbourne Federation Square Basalt Highly weathered Core barrel Dry
RF56 Collingwood (2000) C.2.3 Pile 10b-15 SW Melbourne Federation Square Basalt Highly weathered Core barrel Dry
RF57 Collingwood (2000) C.2.4 Pile P10b-21 EW& HW-MW Melbourne Federation Square Basalt Highly to moderately weathered Core barrel Dry
RF58 Collingwood (2000) C.2.4 Pile P10b-21 MW-SW Melbourne Federation Square Basalt Highly to moderately weathered Core barrel Dry
RF59 Collingwood (2000) C.2.4 Pile P10b-21 MW-SW Melbourne Federation Square Basalt Highly to moderately weathered Core barrel Dry
RF60 Collingwood (2000) C.2.4 Pile P10b-21 MW Melbourne Federation Square Basalt Highly to moderately weathered Core barrel Dry
RF61 Collingwood (2000) C.3.1 Pile 14 3m-4m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF62 Collingwood (2000) C.3.1 Pile 14 4m-5m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF63 Collingwood (2000) C.3.1 Pile 14 5m-6m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF64 Collingwood (2000) C.3.1 Pile 14 6m-7m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF65 Collingwood (2000) C.3.1 Pile 14 7m-8m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF66 Collingwood (2000) C.3.1 Pile 14 8m-9m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF67 Collingwood (2000) C.3.1 Pile 14 9m-10m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF68 Collingwood (2000) C.3.1 Pile 14 10m-11m Melbourne Elm Towers siltstone Highly weathered flight auger Dry
RF69 Collingwood (2000) C.4.1 P116 MW Sydney Castle towers shale Moderately weathered to fresh flight auger dry
RF70 Collingwood (2000) C.4.1 P116 MW&SW Sydney Castle towers shale Moderately weathered to fresh flight auger dry
RF71 Collingwood (2000) C.4.1 P116 SW&F Sydney Castle towers shale Moderately weathered to fresh flight auger dry
RF72 Collingwood (2000) C.4.1 P116 F Sydney Castle towers shale Moderately weathered to fresh flight auger dry
RF73 Collingwood (2000) C.4.2 P116g HW&HW-MW Sydney Castle towers shale Moderately weathered to fresh flight auger Dry
RF74 Collingwood (2000) C.4.2 P116g MW Sydney Castle towers shale Moderately weathered to fresh flight auger Dry
RF75 Collingwood (2000) C.4.2 P116g MW Sydney Castle towers shale Moderately weathered to fresh flight auger Dry
RF76 Collingwood (2000) C.4.2 P116g SW Sydney Castle towers shale Moderately weathered to fresh flight auger Dry
RF77 Collingwood (2000) C.4.2 P116g SW&F Sydney Castle towers shale Moderately weathered to fresh flight auger Dry
RF78 Collingwood (2000) C.4.3 P500t HW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF79 Collingwood (2000) C.4.3 P500t HW-MW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF80 Collingwood (2000) C.4.3 P500t MW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
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Table 7.2 Cont. Drilled shaft rock socket wall roughness: drilled shaft and construction techniques (all data from literature) 
 
  
Database ID Reference Reference ID Profile ID Location Site Rock type Rock weathering Construction Drilling Fluid
RF81 Collingwood (2000) C.4.3 P500t MW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF82 Collingwood (2000) C.4.3 P500t SW-F Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF83 Collingwood (2000) C.4.5 P500c HW-MW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF84 Collingwood (2000) C.4.5 P500c MW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF85 Collingwood (2000) C.4.5 P500c MW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF86 Collingwood (2000) C.4.5 P500c SW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF87 Collingwood (2000) C.4.6 P88 MW-SW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF88 Collingwood (2000) C.4.6 P88 SW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF89 Collingwood (2000) C.4.6 P88 SW Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF90 Collingwood (2000) C.4.6 P88 F Sydney Castle towers shale Highly weathered to fresh flight auger Dry
RF91 Collingwood (2000) C.6.1 P38 HW-MW Sydney Homebush Bay shale highly to slightly weathered flight auger dry
RF92 Collingwood (2000) C.6.1 P38 HW-MW Sydney Homebush Bay shale highly to slightly weathered flight auger dry
RF93 Collingwood (2000) C.6.1 P38 MW Sydney Homebush Bay shale highly to slightly weathered flight auger dry
RF94 Collingwood (2000) C.6.1 P38 SW Sydney Homebush Bay shale highly to slightly weathered flight auger dry
RF95 Collingwood (2000) C.6.2 P40 MW Sydney Homebush Bay shale Highly to slightly weathered flight auger Dry
RF96 Collingwood (2000) C.6.2 P40 SW Sydney Homebush Bay shale Highly to slightly weathered flight auger Dry
RF97 Baycan (1996) A1 Run1 F1 Victoria Nubrik Quarry siltstone alternating layers precussion hammer
RF98 Baycan (1996) A1 Run1 F2 Victoria Nubrik Quarry siltstone alternating layers precussion hammer
RF99 Baycan (1996) A1 Run1 F3 Victoria Nubrik Quarry siltstone alternating layers precussion hammer
RF100 Baycan (1996) A2 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF101 Baycan (1996) A2 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF102 Baycan (1996) A2 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF103 Baycan (1996) A3 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF104 Baycan (1996) A3 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF105 Baycan (1996) A4 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF106 Baycan (1996) A4 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF107 Baycan (1996) A4 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF108 Baycan (1996) A5 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF109 Baycan (1996) A5 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF110 Baycan (1996) A5 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF111 Baycan (1996) A6 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF112 Baycan (1996) A6 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF113 Baycan (1996) A6 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF114 Baycan (1996) A7 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF115 Baycan (1996) A7 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF116 Baycan (1996) A7 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF117 Baycan (1996) A8 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF118 Baycan (1996) A8 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF119 Baycan (1996) A8 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF120 Baycan (1996) A9 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
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Table 7.2 Cont. Drilled shaft rock socket wall roughness: drilled shaft and construction techniques (all data from literature) 
 
  
Database ID Reference Reference ID Profile ID Location Site Rock type Rock weathering Construction Drilling Fluid
RF121 Baycan (1996) A9 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF122 Baycan (1996) A9 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF123 Baycan (1996) A11 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF124 Baycan (1996) A11 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF125 Baycan (1996) A11 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF126 Baycan (1996) A12 Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF127 Baycan (1996) A12 Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF128 Baycan (1996) A12 Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF129 Baycan (1996) 000A Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF130 Baycan (1996) 000A Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF131 Baycan (1996) 000A Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF132 Baycan (1996) 000C Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF133 Baycan (1996) 000C Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF134 Baycan (1996) 000C Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF135 Baycan (1996) 100A Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF136 Baycan (1996) 100A Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF137 Baycan (1996) 100A Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF138 Baycan (1996) 100C Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF139 Baycan (1996) 100C Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF140 Baycan (1996) 100C Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF141 Baycan (1996) 200A Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF142 Baycan (1996) 200A Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF143 Baycan (1996) 200A Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF144 Baycan (1996) 200C Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF145 Baycan (1996) 200C Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF146 Baycan (1996) 200C Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF147 Baycan (1996) 300A Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF148 Baycan (1996) 300A Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF149 Baycan (1996) 300A Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF150 Baycan (1996) 300C Run1 F1 Victoria Nubrik Quarry siltstone precussion hammer
RF151 Baycan (1996) 300C Run1 F2 Victoria Nubrik Quarry siltstone precussion hammer
RF152 Baycan (1996) 300C Run1 F3 Victoria Nubrik Quarry siltstone precussion hammer
RF153 Baycan (1996) P1 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF154 Baycan (1996) P1 2 Victoria Nubrik Quarry siltstone 3 flight auger
RF155 Baycan (1996) P4 1 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF156 Baycan (1996) P4 2 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF157 Baycan (1996) P5 1 Victoria Nubrik Quarry siltstone Hard 3 flight auger
RF158 Baycan (1996) P5 2 Victoria Nubrik Quarry siltstone Hard 3 flight auger
RF159 Baycan (1996) P6 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF160 Baycan (1996) P6 2 Victoria Nubrik Quarry siltstone 3 flight auger
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Table 7.2 Cont. Drilled shaft rock socket wall roughness: drilled shaft and construction techniques (all data from literature) 
 
  
Database ID Reference Reference ID Profile ID Location Site Rock type Rock weathering Construction Drilling Fluid
RF161 Baycan (1996) P7 1 Victoria Nubrik Quarry siltstone moderately weathered 3 flight auger
RF162 Baycan (1996) P7 2 Victoria Nubrik Quarry siltstone moderately weathered 3 flight auger
RF163 Baycan (1996) P8 1 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF164 Baycan (1996) P8 2 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF165 Baycan (1996) P9 1 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF166 Baycan (1996) P9 2 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF167 Baycan (1996) P10 1 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF168 Baycan (1996) P10 2 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF169 Baycan (1996) P11 1 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF170 Baycan (1996) P11 2 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF171 Baycan (1996) P12 1 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF172 Baycan (1996) P12 2 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF173 Baycan (1996) P13 1 Victoria Nubrik Quarry siltstone slaky 3 flight auger
RF174 Baycan (1996) P13 2 Victoria Nubrik Quarry siltstone slaky 3 flight auger
RF175 Baycan (1996) S1 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF176 Baycan (1996) S2 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF177 Baycan (1996) S3 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF178 Baycan (1996) S3 2 Victoria Nubrik Quarry siltstone 3 flight auger
RF179 Baycan (1996) S5 1 Victoria Nubrik Quarry siltstone weathered 3 flight auger
RF180 Baycan (1996) S6 1 Victoria Nubrik Quarry siltstone slaky 3 flight auger
RF181 Baycan (1996) S7 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF182 Baycan (1996) S7 2 Victoria Nubrik Quarry siltstone 3 flight auger
RF183 Baycan (1996) S8 1 Victoria Nubrik Quarry siltstone slaky 3 flight auger
RF184 Baycan (1996) S9 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF185 Baycan (1996) S9 2 Victoria Nubrik Quarry siltstone 3 flight auger
RF186 Baycan (1996) S10 1 Victoria Nubrik Quarry siltstone 3 flight auger
RF187 Baycan (1996) S10 2 Victoria Nubrik Quarry siltstone 3 flight auger
RF188 Baycan (1996) S11 1 Victoria Nubrik Quarry siltstone slightly weathered 3 flight auger
RF189 Baycan (1996) S11 2 Victoria Nubrik Quarry siltstone slightly weathered 3 flight auger
RF190 Baycan (1996) S12 1 Victoria Nubrik Quarry siltstone fresh 3 flight auger
RF191 Baycan (1996) S12 2 Victoria Nubrik Quarry siltstone fresh 3 flight auger
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roughness height , h 
(mm)




roughness angle, i 
(deg)
Measured StDev of 
roughness angle (deg)
0.83 660 6.90 4.4 -1 17.30
0.55 1120 18.00 8.8 2 19.00
0.59 1170 4.90 2.3 0 11.00
0.58 395 10.00 75
0.58 395 10.00 12
0.58 395 10.00 40
2.50 1220 9.60 5.4 0 17.00
2.50 1220 7.50 2.3 0 13.00
2.30 1300 19.30 10.2 -1 25.00
2.30 1230 6.60 3.1 0 14.00
3.49 1580 75.00 19.8 1 42.00
3.49 1580 17.90 6.2 1 18.00
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roughness height , h 
(mm)




roughness angle, i 
(deg)











































































roughness height , h 
(mm)




roughness angle, i 
(deg)








5.69 98 0.51 0.73
5.69 98 1.17 1.68
5.69 98 1.17 1.68
5.69 98 0.77 1.10
5.69 98 0.77 1.10
5.69 98 0.77 1.10
5.69 98 0.95 1.37
5.69 98 0.68 0.97
5.69 98 0.61 0.87
5.69 98 0.81 1.16
5.69 98 1.08 1.55
5.69 98 0.37 0.53
5.69 98 0.37 0.53
5.69 98 0.53 0.76
5.69 98 1.00 1.44
5.69 98 0.78 1.12
5.69 98 0.44 0.63
5.69 98 1.39 2.00
5.69 98 0.19 0.28
5.69 98 1.03 1.48
5.69 98 0.42 0.61
5.69 98 0.86 1.23
5.69 98 0.42 0.61
5.69 98 0.23 0.33
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roughness height , h 
(mm)




roughness angle, i 
(deg)
Measured StDev of 
roughness angle (deg)
5.69 98 0.77 1.11
5.69 98 0.77 1.11
5.69 98 0.50 0.72
5.69 98 0.71 1.02
5.69 98 1.40 2.01
5.69 98 0.79 1.14
5.69 98 0.79 1.14
5.69 98 0.79 1.14
5.69 98 1.38 1.98
5.69 98 1.62 2.33
5.69 98 1.62 2.33
5.69 98 1.90 2.73
5.69 98 0.12 0.17
5.69 98 0.88 1.27
5.69 98 1.17 1.68
5.69 98 1.01 1.45
5.69 98 2.03 2.92
5.69 98 0.56 0.80
5.69 98 0.04 0.06
5.69 98 0.77 1.10
5.69 98 0.72 1.04
5.69 98 0.04 0.06
5.69 98 1.35 1.94
5.69 98 0.95 1.37
5.69 98 0.04 0.05
5.69 98 1.20 1.73
5.69 98 2.51 3.60
5.69 98 0.74 1.06
5.69 98 1.23 1.76
5.69 98 1.32 1.90
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roughness height , h 
(mm)




roughness angle, i 
(deg)
Measured StDev of 
roughness angle (deg)
5.69 98 0.10 0.15
5.69 98 4.10 5.90
4.92 300 5.42 7.80
4.92 300 6.78 9.77
4.26 300 5.49 7.90
4.26 300 7.01 10.10
5.37 300 0.93 1.34
5.37 300 2.61 3.75
4.92 300 1.71 2.45
4.92 300 7.78 11.22
3.18 300 4.17 6.00
3.18 300 4.17 6.00
5.07 300 3.05 4.38
5.07 300 4.12 5.93
5.53 300 5.21 7.50
5.53 300 4.59 6.60
6.12 300 3.14 4.51
6.12 300 2.55 3.67
5.14 300 2.78 4.00
5.14 300 2.78 4.00
5.69 300 4.80 6.90
5.69 300 3.96 5.70
4.26 300 10.21 14.77
4.26 300 6.50 9.36
5.14 600 5.90 8.50
5.53 600 6.46 9.30
5.14 600 5.03 7.23
5.14 600 7.97 11.50
4.26 600 10.26 14.84
4.64 600 5.75 8.28
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roughness height , h 
(mm)




roughness angle, i 
(deg)
Measured StDev of 
roughness angle (deg)
5.21 600 4.26 6.12
5.21 600 5.00 7.20
4.92 600 6.48 9.33
5.45 600 7.44 10.72
5.45 600 6.48 9.33
6.58 600 10.71 15.50
6.58 600 9.96 14.40
5.53 620 6.35 9.15
5.53 620 6.35 9.15
4.26 600 6.17 8.89
4.26 600 5.21 7.50
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Table 7.4 Non-interfering rock joint data (all data from Nieto-Pescetto, 1974) 
 
  
Database ID Sample No. Rock type Joint type
1 k-101 Berea sandstone Non-interfering
2 k-102 Berea sandstone Non-interfering
3 k-103 Berea sandstone Non-interfering
4 k-104 Berea sandstone Non-interfering
5 k-105 Berea sandstone Non-interfering
6 k-106 Berea sandstone Non-interfering
7 k-107 Berea sandstone Non-interfering
8 k-108 Berea sandstone Non-interfering
9 k-109 Berea sandstone Non-interfering
10 k-110 Berea sandstone Non-interfering
11 k-111 Berea sandstone Non-interfering
12 k-112 Berea sandstone Non-interfering
13 k-113 Berea sandstone Non-interfering
14 k-114 Berea sandstone Non-interfering
15 k-115 Berea sandstone Non-interfering
16 k-116 Berea sandstone Non-interfering
17 k-117 Berea sandstone Non-interfering
18 k-118 Berea sandstone Non-interfering
19 k-119 Berea sandstone Non-interfering
20 k-120 Berea sandstone Non-interfering
21 k-121 Berea sandstone Non-interfering
22 k-122 Berea sandstone Non-interfering


























Horizontal displacement to 






















Normal stress (MPa ) fsp/σv fsu/σv Reference
0.33 0.263 0.17 Nieto-Pescetto (1974)
0.33 0.26 0.164 Nieto-Pescetto (1974)
0.33 0.256 0.164 Nieto-Pescetto (1974)
0.33 0.297 0.171 Nieto-Pescetto (1974)
0.33 0.255 0.166 Nieto-Pescetto (1974)
0.33 0.278 0.171 Nieto-Pescetto (1974)
0.33 0.274 0.174 Nieto-Pescetto (1974)
0.33 0.286 0.166 Nieto-Pescetto (1974)
0.33 0.269 0.177 Nieto-Pescetto (1974)
0.33 0.332 0.177 Nieto-Pescetto (1974)
0.177 Nieto-Pescetto (1974)
0.33 0.336 0.177 Nieto-Pescetto (1974)
0.33 0.297 0.177 Nieto-Pescetto (1974)
0.177 Nieto-Pescetto (1974)
0.33 0.292 0.184 Nieto-Pescetto (1974)
0.33 0.256 0.164 Nieto-Pescetto (1974)
0.33 0.274 0.177 Nieto-Pescetto (1974)
0.33 0.276 0.187 Nieto-Pescetto (1974)
0.33 0.325 0.182 Nieto-Pescetto (1974)
0.15 0.288 0.172 Nieto-Pescetto (1974)
0.15 0.277 0.168 Nieto-Pescetto (1974)
0.33 0.249 0.158 Nieto-Pescetto (1974)
0.25 0.286 0.173 Nieto-Pescetto (1974)
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Table 7.4 Cont. Non-interfering rock joint data (all data from Nieto-Pescetto, 1974) 
 
 
Database ID Sample No. Rock type Joint type
24 N-328A (2) Berea sandstone Non-interfering
25 N-7A Bedford limestone Non-interfering
26 N-7B Bedford limestone Non-interfering
27 N-7C Bedford limestone Non-interfering
28 N-8A Bedford limestone Non-interfering
29 N-8B Bedford limestone Non-interfering
30 N-14A Bedford limestone Non-interfering
31 N-14B Bedford limestone Non-interfering
32 N-14C Bedford limestone Non-interfering
33 N-14D Bedford limestone Non-interfering
34 N-15 Bedford limestone Non-interfering
35 N-18A Bedford limestone Non-interfering
36 N-18B Bedford limestone Non-interfering
37 N-19A Bedford limestone Non-interfering
38 N-19B Bedford limestone Non-interfering
39 N-308A (2) Bedford limestone Non-interfering
40 N-308B (2) Bedford limestone Non-interfering
41 N-309 (2) Bedford limestone Non-interfering
42 N-310 (2) Bedford limestone Non-interfering























Horizontal displacement to 









Normal stress (MPa ) fsp/σv fsu/σv Reference
0.25 0.318 0.174 Nieto-Pescetto (1974)
0.12 0.323 0.176 Nieto-Pescetto (1974)
0.176 Nieto-Pescetto (1974)
0.176 Nieto-Pescetto (1974)
0.12 0.313 0.181 Nieto-Pescetto (1974)
0.18 Nieto-Pescetto (1974)









0.23 0.315 0.181 Nieto-Pescetto (1974)
0.179 Nieto-Pescetto (1974)
0.22 0.285 0.175 Nieto-Pescetto (1974)
0.22 0.218 0.178 Nieto-Pescetto (1974)










Table 7.5 Specimen quality in terms of volumetric strain (table reproduced from Terzaghi et 
al., 1996) 
 
Volumetric strain (εv) Specimen quality designation (SQD) 
< 1 A 
1 - 2 B 
2 - 4 C 
4 - 8 D 

















Figure 7.2 Joint roughness profile and parameters in Krahn and Morgenstern proposed 










Figure 7.3 Determination of roughness using the compass walking technique (reproduced 






Figure 7.4 Example of the visual roughness classification method proposed by Collingwood 









Figure 7.5 Method proposed by Collingwood (2000) for prediction of variation of socket 










Figure 7.6 Effect of unconfined compressive strength (qu) on rock/concrete interface 










Figure 7.7 Effect of socket diameter (B) on rock/concrete interface roughness height (Data 


















Figure 7.9 Effective socket wall roughness and unconfined compressive strength relationship 
based on the method of Seidel and Collingwood, 2001 (figure reproduced from 






Figure 7.10 Evaluation of the upper- and lower-bounds of Seidel and Collingwood (2001) 
method for prediction of socket wall roughness using the back-analyzed socket 
wall roughness for 317 drilled shaft load tests in soft rock (all data from published 
literature and summarized in Appendix B) based on the method of Seidel and 
Collingwood (2001). Em needed for use in method of Seidel and Collingwood 
(2001) estimated based on the method of Rowe and Armitage (1984) (all data 







Figure 7.11 Evaluation of the upper- and lower-bounds of Seidel and Collingwood (2001) 
method for prediction of socket wall roughness using back-analyzed socket wall 
roughness for 317 drilled shaft load tests in soft rock (all data from published 
literature and summarized in Appendix B) based on the method of Seidel and 
Collingwood (2001). Em needed for use in method of Seidel and Collingwood 
(2001) estimated based on the method proposed in Chapter 5 of this report (all 







Figure 7.12 Measured socket wall roughness height and unconfined compressive strength 
relationship from the socket wall roughness database. The upper and lower 
bounds from the method of Collingwood (2000) and Seidel and Collingwood 










Figure 7.13 Predictive method for roughness height, h (data from Williams, 1980; Baycan, 













h = asperity height
i = asperity angle
L = asperity length













Figure 7.15 Schematic of Interlocking joint (figure and concept after Nieto-Pescetto, 1974). 
  
h = asperity height
i = asperity angle
L = asperity length













Figure 7.16 Shear stress-shear displacement relationships for Non-interfering and Interlocking 






Figure 7.17 Variation of friction coefficient (µJ = fsp/σ'v) and displacement to peak shear stress 







Figure 7.18 Variation of the thickness of the filter cake with the time of exposure (data from 











Figure 7.19 Concrete pressure against formwork based on the work of Rodin (1952) (figure 








Figure 7.20 “c” coefficient in the method of CIRIA (1965) for evaluation of the maximum 








Figure 7.21 tmax (stiffening time for concrete) in the method of CIRIA (1965) for evaluation of 
the maximum concrete pressure on the formwork (figure reproduced from Bernal 






Figure 7.22 Test 1 results from Bernal and Reese (1983) showing the effect of concrete slump, 
concrete placement rate and concrete temperature on the maximum horizontal 






Figure 7.23 Test 2 results from Bernal and Reese (1983) showing the effect of concrete slump, 
concrete placement rate and concrete temperature on the maximum horizontal 








Figure 7.24 Test 3 results from Bernal and Reese (1983) showing the effect of concrete slump, 
concrete placement rate and concrete temperature on the maximum horizontal 









Figure 7.25 Test 4 results from Bernal and Reese (1983) showing the effect of concrete slump, 
concrete placement rate and concrete temperature on the maximum horizontal 








Figure 7.26 Summary of the reported concrete slump (in mm) from the side resistance 








Figure 7.27 Variation of the measured lateral pressure on the sides of the drilled shaft in San 








Figure 7.28 Variation of the measured coefficient of earth pressure with depth in soft rock 







Figure 7.29 Variation of water content adjacent to drilled shaft constructed in heavily 
overconsolidated insensitive fissured London Clay, Southall, London (all data 









Figure 7.30 Variation of coefficient of friction (µJ) with relative humidity for minerals with 









Figure 7.31 Variation of unconfined compressive strength with in situ water content for 
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FRAMEWORK FOR DEVELOPMENT OF PROBABILISTIC LIMIT 
STATE DESIGN APPROACH 
 
8.1 Introduction 
The empirical design models that are reviewed in Chapter 2 were developed based on 
simple regression analysis of the available drilled shaft load test data. These models are 
deterministic. Therefore, they do not account for the uncertainty resulting from inadequate model 
selection, missing model parameters and uncertainty in drilled shaft axial load test data resulting 
from measurement errors (the later two sources of uncertainty also contribute to the scatter of 
data in the drilled shaft load test database of Chapter 3). These models are not suitable for 
reliability analysis and thus are difficult to be implemented in a Load and Resistance Factor 
Design (LRFD) framework. Probabilistic models for initial shear stiffness (Ksi), peak shear stress 
(fsp) and brittleness index (IB) for post-peak behavior for characterization of the shear stress-shear 
displacement relationship of the rock socket and initial normal stiffness (Kn), yield pressure (qy) 
and fracture initiation pressure (qf) for the tip of drilled shafts in soft rock are required for 
development of a limit state design framework. To account for the uncertainties discussed above, 
the theory of probability (e.g., Bayesian updating or Maximum Likelihood Method) maybe used 
to develop the probabilistic models based on the drilled shaft load test database of Chapter 3. The 
reliability analysis and a selected target reliability index (βT) may then be used to calibrate LRFD 
resistance factors that can be used to make a design that corresponds to a selected probability of 
failure that is reflected by the chosen reliability index (βT). 
647
In the following sections, the methodology that is implemented in the next chapters for 
development of probabilistic models for side and tip resistance of drilled shafts in soft rock are 
discussed. The discussion that will be presented in the following sections of this chapter closely 
follows the work of Haldar and Mahadevan (2000), Gardoni et al. (2002a and 2002b), Gardoni 
(2002) and Ang and Tang (2007). The Bayesian and maximum likelihood approaches are 
discussed and the most suitable method for development of the probabilistic models will be 
selected. This selection will be based on the required information for each method (i.e., Bayesian 
updating or Maximum Likelihood, MLE, approach) and the availability of such information in 
the drilled shaft axial load test databases of Chapter 3. This is followed by a discussion on the 
methodology for the selection of the appropriate level of risk (i.e., target reliability index, βT). 
Finally, the approach for reliability analysis (i.e., calibration of the resistance factors) is 
introduced and discussed. 
 
8.2 Formulation of Probabilistic Model 
The predictive models that are reviewed in Chapter 2 and later evaluated in Chapter 6 are 
deterministic. This means that these methods cannot account for uncertainties resulting from 
inadequate model form, model parameter uncertainty and missing model parameters (Gardoni et 
al., 2002a and 2002b). The evaluation of existing methods (see Chapter 6) shows that they often 
provide biased predictions of the measured (from back-analysis of load test data) side and tip 
behavior for load tests on drilled shafts in soft rock mass. This is because analysis of diagnostic 
plots (i.e., plots of bias versus soft rock and drilled shaft properties) in Chapter 6 showed that the 
current models do not account for fundamental variables that govern the axial behavior of drilled 
shafts in soft rock. Further evaluation of literature in Chapter 2 showed that most of the 
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researchers proposed new models without consideration given to the “knowledge” that could be 
gained from previous work. Similar models therefore have been proposed and accumulated 
without addressing a fundamental question: “Why the previous models cannot predict the 
behavior of drilled shafts in soft rock in an unbiased manner?” This approach lead to the same 
model form that was proposed by previous investigators with little or in some occasions, no 
sensible improvements (mean and c.o.v. of bias for each method in Chapter 6 are very close 
indicating minimal improvement of proposed models over time). Gardoni (2002) proposed that 
adding “correction terms” to existing models (when available) to account for the missing model 
parameters could reduce the bias in the existing deterministic models. The advantage of this 
approach is that a model that has been used successfully in design codes and is known to the 
designers can be improved by “updating” the model as new drilled shaft load test data become 
available. Additionally, the method proposed by Gardoni (2002) allows for the model uncertainty 
caused by model type selection, missing model parameters and variability in model parameters 
and variables to be “quantified.” The general form of the probabilistic model proposed by 
Gardoni (2002) and Gardoni et al. (2002a and 2002b) is shown below 
 
C(x,Θ) = ĉ(x)+ γ (x,θ)+ σε          (8-1) 
 
where x denotes a basic “measurable” properties of the rock mass or rock socket geometry that 
control the behavior of drilled shafts subjected to axial loads, C(x, Θ) is the probabilistic model, 
ĉ(x) is the deterministic model (i.e., a model similar to those introduced and evaluated in 
Chapters 2 and 6, respectively),  γ (x,θ) is the correction term or the explanatory function that is 
added (additivity assumption) to the deterministic model to reduce its bias, Θ  = (θ,σθ) denotes a 
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set of unknown model parameters that are used to fit the model to the observed data, σε   is the 
model error where ε is assumed to be a normal random variable (normality assumption) with 
zero mean and unit variance and σ denotes the standard deviation of the model which is assumed 
to be constant (homoscedasticity assumption). The model correction terms can be expressed 
using the following equation 
 
γ (x,θ) = θihi (x)
i=1
n
∑           (8-2) 
 
The term hi(x) expresses the ith correction term. The correction terms are developed by 
combining the basic measurable properties xi for the soft rock and drilled shaft and are based on 
the physics of the problem. In the formulation of the above probabilistic model, the following 
assumptions are made: 
 
1. The model variance (σ2) is independent of xi (i.e., homoskedasticity assumption), and 
2. ε has normal distribution (i.e., normality assumption) 
 
Figure 8.1 shows an example of a model that has a constant variance and Figure 8.2 
shows a model that does not meet the homoskedasticity assumption. In statistics, the absence of 
homoskedasticity is denoted by the term heteroskedasticity indicating that there are sub-
populations in the data that have different variability than others. The homoskedasticity 
assumption can be easily checked visually by observing the data. Figure 8.3 shows the 
assumption of the normality. This assumption can also be checked by visual examination of data 
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as shown in Figure 8.3 and by ensuring that at each given value of the random variable, the data 
are normally distributed. 
 
8.3 Estimation of Unknown Model Parameters 
The general formulation of the probabilistic model proposed by Gardoni (2002) is 
described in Section 8.2. The unknown model parameters, Θ = (θ, σ) in the probabilistic model 
should be estimated using statistical methods. Two candidate methods, namely Bayesian 
updating method and Maximum Likelihood method are discussed in the subsequent sections of 
this chapter. The advantages and disadvantages of these methods are discussed. The method that 
is most suited for estimation of unknown model parameters is selected. This method and the 
general formulation discussed in the previous section are used in subsequent chapters to estimate 
the unknown model parameters in the proposed probabilistic models. 
 
8.3.1 Bayesian Approach 
We start by introducing a vector of n observations which is represented by y’ = (y1,….,yn) 
where the symbol (.)’ represents the transpose. The probability distribution function of these 
observations is then denoted by p(y|θ) where θ = (θ1,….,θk) is a set of k unknown model 
parameters that have a probability distribution of p(θ). According to the Bayes rule, the 
following expression may be written (Gardoni et al., 2002a) 
 
p(θ | y) = p(y |θ)× p(θ)
p(y)
         (8-3) 
 
where p(y) ≠ 0 and may be expressed using Equation 8-4 (Gardoni et al., 2002a) 
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p(y) = Eθ p(y |θ)[ ] = κ(y)−1 =
p(y |θ)∫ × p(θ)× dθ
OR







     (8-4) 
 
where the integral is used when θ is continuous and sum is used when θ is discrete. Eθ (.) 
represents the mathematical expectation of f (θ) with respect to the distribution of p(θ). Equation 
8-4 can be used to rewrite Equation 8-3 in the following way (Gardoni et al., 2002a; Ang and 
Tang, 2007) 
 
p(θ | y) = κ × p(y |θ)× p(θ)          (8-5) 
 
where according to the Bayes rule, p(θ) is the prior distribution that indicates our knowledge of θ 
prior to the new observations y’ = (y1,….,yn). p(θ|y) is our updated knowledge about θ. κ = κ(y) 
is a normalizing factor that ensures that the posterior distribution sums or integrates to unity 
(Gardoni et al., 2002a). Following Fisher (1922), the function p(y|θ) can be viewed as a function 
of θ for a given data point, y, which allows us to define the likelihood function, L (θ|y). With this 
modification, Equation 8-5 can be written as follows (Gardoni et al., 2002a; Ang and Tang, 
2007) 
 
p(θ | y) = κ × L(θ | y)× p(θ)          (8-6) 
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According to this notation, the posterior distribution of θ may be obtained by multiplying 
the prior distribution of θ with the likelihood function. A non-informative prior can be 
constructed following the discussion presented in Gardoni et al. (2002a). For a multi-variate 
model with an observable vector y of q components that has a multi-normal distribution of the 
following form 
 
y |µ(θ),Σ ~ N µ(θ),Σ[ ]          (8-7) 
 
where µ(θ) = [µ1(θ1),…., µq(θq)] is the vector-valued function of unknown parameters θ = 
(θ1,….,θq), where θk = (θki, i =1,….pk), k = 1,….,q and Σ is a q ×q variance-covariance matrix, 
which is symmetric and positive definite. Assuming that the θ and Σ are independent and that θ 
is uniform over the region Iθ, the following expression can be used as the prior function (Gardoni 
et al., 2002a) 
 
p(Σ)∝ R −(q+1)/2 1
σ ii=1
q
∏          (8-8) 
 
where σi2 denotes the variances, R = [ρij] denotes the q ×q correlation matrix and |.| denotes the 
determinant. 
The likelihood function is proportional to the conditional probability of the observations 
for values of model parameters. Here we develop the likelihood function for the case of 
observations with no censored data. The error vector for the θ = (θ1,….,θq) and the covariance 
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,          i =1,…, n       (8-9) 
 
is distributed as the q-variate normal Nq (0, Σ) and that the q-variate observations are 
independent. Following the formulation of Gardoni et al. (2002a), we start from the joint 
distribution of the n vectors of errors e’ = (e1,….,ei,….,en) with ei’ = (ei1,….,eik,….,eiq) 
 
p(e |θ,Σ) = p(ei
i=1
n







    (8-10) 
 
and introducing S (θ) as the qxq symmetric matrix 
 
S(θ) = Skl(θk,θl )[ ] = ekieli
i=1
n
∑          (8-11) 
 
The likelihood function can be defined as follows 
 




⎠⎟       (8-12) 
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8.3.2 The Method of Maximum Likelihood 
We will start and formulate the method of maximum likelihood following a discussion 
presented in Ang and Tang (2007). Assume a random variable X with a probability distribution 
function (PDF) of f (x, θ) where θ is the parameter of the PDF of X. If after an experiment, the 
observed values of random variable X can be denoted by x1, x2,….,xn, a pertinent question is 
“what is the value of θ that will maximize the likelihood of obtaining the observed set of sample 
variables X = (x1, x2,….,xn)?” (Ang and Tang, 2007).   
According to Haldar and Mahadevan (2000) and Ang and Tang (2007), the likelihood of 
obtaining a particular sample value xi is proportional to value of PDF at xi. Assuming random 
sampling, Haldar and Mahadevan (2000) and Ang and Tang (2007) suggested that the likelihood 
of obtaining a set of n independent observations, x1, x2,….,xn, is given as follows for the case that 
the PDF can described by only one parameter 
 
L(x1, x2,…, xn;θ) = f (x1,θ)× f (x2,θ)… f (xn,θ)       (8-13) 
 
Equation 8-13 is the likelihood function for the set of n observations, x1, x2,….,xn. The 
maximum likelihood estimator is then a value of θ that will maximize the likelihood function in 
Equation 8-13. If the PDF describing the random variables has more than one parameter, a more 
general likelihood function can be written following Ang and Tang (2007) 
 
L(x1, x2,…, xn;θ1,…,θm ) = f (xi;θi,…,θm )
i=1
n
∏       (8-14) 
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The values of θi,….,θm can then be estimated by taking derivative of logarithm of the 
likelihood function (Equation 8-14) with respect to θi,….,θm and finding the set of solutions to 
the following expression 
 
∂ logL(x1, x2,…, xn;θ1,…,θm )
∂θ j
= 0;        j =1, 2,…, m       (8-15) 
 
The formulation presented above can be used to estimate the unknown model parameters, 
Θ = (θ, σθ), in the probabilistic model expressed in Equation 8-1. If we assume that the random 
variable ε has a normal distribution, then to satisfy compatibility in Equation 8-1, C(x,Θ) should 
also have a normal distribution. The PDF for a Normal (Gaussian) distribution can be expressed 


















⎥             -∞ < x < +∞      (8-16) 
 
The likelihood function can then be written as follows 
 
L C(x,Θ);θ1,…,θm( ) = f C(x,Θ);θi,…,θm( )
i=1
n
∏       (8-17) 
 
The values of the unknown model parameters, Θ = (θ, σθ), can be estimated by 




∂ logL C(x,Θ);θ1,…,θm( )
∂θ j
= 0;        j =1, 2,…, m       (8-18) 
 
8.4 Selected Method for Estimation of Θ  = (θ , σ) 
Two approaches were introduced in previous sections, namely the method of Maximum 
Likelihood and Bayesian updating method. The Bayesian approach requires some knowledge of 
prior distributions for the unknown parameters, Θ = (θ, σ). This knowledge is currently not 
available because the current models (see Chapter 2) are deterministic and thus a non-
informative prior distribution should be used to ensure that the “inferences are unaffected by the 
information external to the observations” (Gardoni et al., 2002a). Gardoni et al. (2002a) also 
mentions that the posterior distribution is centered on a point that is affected by the prior 
information and the available data (i.e., observations) that is controlled by the data as the number 
of the observations in the database increases. 
The above discussion reveals that due to the large number of observations available in 
our drilled shaft axial load test databases (see Chapter 3, Appendices A and B) and also due to 
the non-informative nature of prior distribution and its effect on the posterior distribution, a 
Bayesian approach does not offer much improvement in estimation of the unknown model 
parameters over the method of maximum likelihood where a prior distribution is not used. 
Furthermore, even if a prior distribution is used to perform a Bayesian analysis, the adequacy of 
the non-informative prior and its physical implications cannot be checked. It is concluded that 
the method of maximum likelihood is the most suitable means for estimating the unknown model 
parameters for the probabilistic model presented in Equation 8-1. 
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8.5 Probabilistic Limit State Design 
The presence of uncertainty in the design of structures has been recognized in the 
technical literature (e.g., Allen, 1975; Ellingwood and Galambos, 1982; Becker, 1996; Baikie, 
1998; Nowak, 1999; Haldar and Mahadevan, 2000; Phoon et al., 2000; Gardoni et al., 2002a and 
2002b, Paikowsky et al., 2004; Paikowsky et al., 2010; Briaud et al. 2013). Traditionally, a 
global factor of safety has been used in the Allowable Stress Design (ASD) to account for 
uncertainties in resistances and loads. This factor of safety is selected subjectively and does not 
properly quantify design uncertainties (Kulhawy and Phoon, 2006; Roberts and Misra, 2009; 
Paikowsky et al., 2010). The most important limitation of ASD is the “ambiguity” in the 
relationship between the ‘global safety factor’ concept and the level of risk. Accordingly, it is 
possible that a large factor of safety does not result in a small level of risk (Phoon et al., 2000) 
and a given set of allowable stresses will not result in the same level of safety for all structures 
(Ellingwood et al., 1980). 
Limit State Design (LSD) is an alternative to ASD where a more rational approach to 
design process is used. A “limit state”, in the context of foundation design, is defined as a 
condition in which the foundation does not serve its intended purpose (Paikowsky et al., 2010). 
Others (Nowak, 1999) define a limit state as the boundary between safety and failure. Once the 
limit states are determined, different approaches may be used to ensure that their occurrence is 
improbable (Allen, 1975; Haldar and Mahadevan, 2000; Phoon et al., 2000) and that the design 
of structures complies with an acceptable level of risk by defining a safety index or a reliability 
index (βT). Probabilistic methods are gaining more acceptance in design and thus lead to 
probabilistic LSD (Phoon et al., 2000) where resistance and load factors are used in a Load and 
Resistance Factor Design (LRFD) framework to ensure the design is safe for each limit state 
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(i.e., the load and resistance factors ensure design is in compliance with probability of failure, pf, 
as reflected by the reliability index, βT). In the design of any foundation, two important limit 
states should be recognized by the design engineer (Meyerhof, 1951; Allen, 1975; Phoon et al., 
2000). The designer must ensure sufficient margin of safety against strength (ultimate) failure 
and should provide provisions to limit the foundation settlements to tolerable limits. The first 
check pertains to the “ultimate” limit state (ULS) and the latter ensures that “serviceability” limit 
state (SLS) is satisfied. To adopt probabilistic LSD, probabilistic predictive models are needed in 
code calibration for the development of resistance factors. The corresponding limit state function 
for each limit state mentioned above can be written as follows (Nowak, 1999; Haldar and 
Mahadevan, 2000) 
 
g = R −Q            (8-19) 
 
where g is the limit state function, R denotes the resistance and Q denotes the demand or the 
applied load. The failure or unacceptable performance of the structure is defined in terms of the 
probability of failure or P (R < Q) as shown below (Haldar and Mahadevan, 2000) 
 
pf = P(failure) = P(R <Q)          (8-20) 
 
In a more general term, the limit state function or the performance function g may be 
written as follows (Haldar and Mahadevan, 2000) 
 
Z = g(X1,X2,....,Xn )           (8-21) 
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where the limit state of interest can be defined as Z = 0. The probability of failure for the limit 
state functions shown in Equation 8-20 may be obtained from the following expression (Haldar 
and Mahadevan, 2000) 
 
pf = ....∫ fX (x1, x2,..., xn )dx1 dx2...dxn
g()<0
∫        (8-22) 
 
where fX (x1, x2,…xn) is the joint probability function of the basic random variables X1, X2,…Xn 
and the integration in Equation 8-22 is performed over the failure region (Haldar and 
Mahadevan, 2000). In general, however, the joint probability function is unknown and the 
integration in Equation 8-22 may not be performed readily and thus the integration is obtained 
using numerical and an iterative procedure. Haldar and Mahadevan (2000) proposes two general 
approaches for the solution of Equation 8-22: 
 
1. “The First-Order Reliability Methods (FORM) may be used to obtain the solution of 
Equation 8-22 if the limit state of interest is linear or if the limit state is not linear but can 
be linearized or can be represented by a first-order approximation with equivalent normal 
variables. 
2. If the limit state function is non-linear, Second-Order Reliability Methods (SORM) may 
be used to obtain the solution of Equation 8-22 by a second-order representation of the 
non-linear limit state function.” 
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In this study, a first-order reliability method will be used to obtain the probability of 
failure and subsequent calibration of the resistance factors for the proposed model of Chapters 10 
and 11. 
 
8.6 First-Order Reliability Method (FORM) 
Probabilistic models are developed for tip and side resistances in Chapters 10 and 11, 
respectively. These probabilistic models are used to define limit state functions for ultimate limit 
state (ULS) and serviceability limit state (SLS) of drilled shafts in soft rock. These limit state 
functions and a First-Order Reliability Method (FORM) are used for calibration of resistance 
factors for design of drilled shaft in soft rock in Chapter 12. It must be noted that the SLS is 
usually evaluated deterministically and thus resistance factors are only calibrated for ULS. The 
general approach used for the reliability analysis is described in the following sections. 
 
8.6.1 First-order reliability method (FORM) framework 
The limit state function in Equation 8-21 could be transformed to a standard normal space 
and the probability of failure (Equation 8-22) could be evaluated in the standard normal space. In 
this case, the probability of failure can be expressed as 
 
Pf = ϕn (u)du
G(u)≤0
∫           (8-23) 
 
where Pf represents the probability of failure and G (u) < 0 is the limit state function which is 
expressed in terms of standard normal variables. The limit state function is linearized at the 
design point in the standard normal space, u*. The linearized limit state function is evaluated as 
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G(u) ≅ G(u∗) +∇GT(u − u∗)          (8-24) 
 
where the second term on the right side of Equation 8-24 represents the gradient vector that can 
be obtained from the following general equation 
 
∇GT = [∂G / ∂u1,∂G / ∂u2,.....,∂G / ∂un ]        (8-25) 
 
The best choice for u* is the point on the limit state function that is closest to the origin. 
This is shown graphically in Figure 8.4. The normalized negative gradient vector (α) can then be 
obtained using 
 
α = − ∇G
∇G
           (8-26) 
 
and the reliability index can be computed as follows 
 
β = αTu*            (8-27) 
 
A first order approximation for the probability of failure is then obtained 
 
Pf ≅ Φ(−βFORM )           (8-28) 
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In this thesis, an improved HL-RF algorithm (shown in Figure 8.5) and the computer 
code FERUM are used to perform the FORM analysis and to obtain a first order approximation 
of the probability of failure (Pf) for a typical drilled shaft foundation in soft rock mass. As was 
mentioned earlier, the limit state function will be defined using the probabilistic models that are 
developed in Chapters 10 and 11. The improved HL-RF algorithm as suggested by Zhang and 
Der Kiureghian (1995) is reproduced in Figure 8.5 (based on work of Professor Paolo Gardoni of 
University of Illinois). The MATLAB code that was used for the analysis is included in 
Appendix E. 
 
8.6.2 Transformations type 
The probabilistic model variables are assumed to be statistically independent (S.I.) and 
non-normal. The following transformation is used to obtain the model random variables in the 
standard normal space 
 
ui = Φ
−1 Fi (xi )⎡⎣ ⎤⎦           (8-29) 
 


















⎥         (8-30) 
 













⎥          (8-31) 
 
8.7 Target Reliability Index (βT) and Calibration of Resistance Factors (φ) 
The general approach for the reliability analysis was explained in the previous sections. 
In this section, the selected target reliability and the general approach for the calibration of the 
resistance factors are explained. 
 
8.7.1 Target Reliability Index (βT) 
The reliability index (β) is used to indicate the probability of failure. As the reliability 
index increases, the probability of failure deceases. Accordingly, the resistance factors in the 
Load and Resistance Factor Design (LRFD) framework are often selected (i.e., calibrated) to 
ensure that probability of failure of the designed structure is in compliance with an acceptable 
safety level that is determined based on the use of the structure and the consequences of failure. 
The reliability index that corresponds to this safety level is the Target Reliability Index (βT). 
Paikowsky et al. (2010) discussed two common approaches for selection of the target reliability 
index: 
 
1. “Select the target reliability index based on the acceptable level of risk in the current 
practice, or 
2. Select reliability index based on the cost-benefit analysis, optimum reliability and 
minimum total cost.” 
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This thesis uses the first approach to select the target reliability index for calibration of 
the resistance factors (φ). This approach for selection of βT leads to designs that are compatible 
with the current acceptable level of risk. A brief discussion is presented here. The selection of βT 
is discussed in great length in Chapter 12. Barker et al. (1991) found that the reliability index for 
footings on sand ranged from 1.3 to 4.5 and that the reliability index for footings on clay ranged 
from 2.7 to 5.7. Barker et al. (1991) further suggested a range of reliability index between 2.5 to 
3 for drilled shafts and a reliability range of 2 to 2.5 for redundant foundation systems such as 
pile group foundations. The National Building Code of Canada (NRC, 1995) used a reliability 
index of 3.5 for the design of foundations. Kulicki et al. (2007) showed by the analysis of 124 
bridges that the reliability index for the supper structure ranged from 3 to 4. Paikowsky et al. 
(2010) used a range of reliability indices of 3 to 3.5 for the calibration of resistance factors in 
their report. Chu (2007), based on a factor of safety of 3.0, calculated a range of reliability 
indices of 0.86 to 2.24 for drilled shafts in soils and a range of reliability indices of 0.76 to 3.42 
for drilled shafts in rocks. 
Based on the discussion presented above and for compliance with the current state 
practice, target reliability indices of βT = 2.0, 2.5 and 3.0 will be used for the calibration of the 
resistance factors in this study. 
 
8.7.2 General approach for calibration of resistance factors (φ) 
The calibration process that is used in this report follows the general approach proposed 
by Briaud et al. (2013). In this approach, the following LRFD expression is first used to relate 
the predicted resistance using the probabilistic models to factored dead and live loads 
 
665
φ ×R = γ DL ×DL + γ LL × LL          (8-32) 
 
where φ is the resistance factor, R is the predicted total axial resistance (i.e., sum of the side and 
tip resistance), γDL is the load factor for dead load, DL is the dead load, γLL is the load factor for 
live load and LL is the live load. Equation 8-32 can be rearranged to solve for the resistance 
factor (φ) in terms of other variables in that equation 
 
φ = γ DL ×DL + γ LL × LL
R
         (8-33) 
 
 Following the approach of Briaud et al. (2013), the denominator and numerator of 






+ γ LL ×1.0
R
LL
         (8-34) 
 
Paikowsky et al. (2004) studied the effect of the ratio of dead load to live load (DL/LL) 
and showed that the resistance factor is not sensitive to the value of the DL/LL ratio. Therefore, 
following the recommendation of Paikowsky et al. (2004) and Paikowsky et al. (2010) and 
Briaud et al. (2013), a typical DL/LL = 2.0 is used that corresponds to long span bridges (in 
Chapter 12, additional values of DL/LL will be used to account for the effect of DL/LL ratio on 
resistance factors). With this, Equation 8-34 may be written as follows 
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φ = 2 × γ DL + γ LLR
LL
          (8-35) 
 
The statistics of live load, dead load and bias factors are for live and dead loads are 
shown in Table 8.1 following the recommendations of Nowak (1999), Paikowsky et al. (2010) 
and Briaud et al. (2013). Therefore, the dead load factor is taken as 1.25 and the live load factor 
is taken as 1.75. Once the relationship between resistances, loads, resistance factors and load 
factors are determined, the ratio of total resistance to live load (R/LL) is required that will be 
obtained from the reliability analysis. For this, we start by developing a relationship for the limit 
state to be used in the reliability analysis 
 
g = R − λDL ×DL − λLL × LL          (8-36) 
 
where g is the limit state function (i.e., performance function), λDL is the bias factor for dead load 
and λLL is the bias factor for live load and all other variables were previously defined. Dividing 




− λDL × 2.0 − λLL          (8-37) 
 
The reliability analysis and target reliability indices of βT = 2.0, 2.5 and 3.0 will now be 
used to back-analyze the ratios of R/LL in Equation 8-37. This ratio will be substituted in 
Equation 8-35 to obtain the corresponding resistance factors that can be used with the proposed 
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design models in Chapters 10 and 11 to predict the reduced axial resistance of drilled shafts in 
soft rock. The complete reliability analysis and the proposed resistance factors will be presented 
in Chapter 12. 
 
8.8 Concluding Remarks 
It was mentioned that the current design models are deterministic and do not account for 
the uncertainty inherent in these models. An approach was proposed by Gardoni et al. (2002a 
and 2002b) that will be used to develop probabilistic models for side and tip resistances of drilled 
shafts in soft rock mass. The Bayesian approach and the method of maximum likelihood are 
introduced as two alternatives for estimation of the unknown model parameters in the 
probabilistic models. It is concluded that the method of maximum likelihood is the most suitable 
means for estimating the unknown model parameters for the probabilistic model presented in 
Equation 8-1. The procedures for performance of reliability analysis using FORM is discussed, 
the target reliability indices (βT) are selected and a general approach for the calibration of the 













Table 8.1 Load factors and statistical information for modeling uncertainty in live and dead 
loads (values after Nowak, 1999; Paikowsky, 2010) 
 
Load types Load factor (γ) Bias (λ) c.o.v. (δ) 
Live load (LL) γLL = 1.75 λLL = 1.15 δLL = 0.2 













































Figure 8.5 Improved HL-RF algorithm (after Zhang and Der Kiureghian, 1995). Flow chart 
from Professor Paolo Gardoni. 
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BEHAVIOR OF SOFT ROCK MASS UNDER 
VERTICALLY LOADED AREAS 
 
9.1 Introduction 
Load test measurements (e.g., Williams, 1980; Abu-Hejleh and Attwooll, 2005; Vu, 
2013), numerical methods and theoretical analyses (e.g., Osterberg and Gill, 1973; Ladanyi, 
1977; Goodman, 1980) show that a considerable portion of the service loads can transfer to the 
drilled shaft tip. This is especially true when the ratio of rock socket length (L) to its diameter 
(B) is less than 2 (i.e., L/B < 2) or when the method of construction produces a zone of remolded 
and disturbed material on the socket wall that impairs the load transfer along the side of the rock 
socket. Therefore, a thorough understanding of the behavior of soft rock mass under the drilled 
shaft tip is necessary. 
Many researchers have studied the side resistance of rock sockets (e.g., Rosenberg and 
Journeaux, 1976; Horvath and Kenney, 1979; Williams, 1980; Williams and Pells, 1981; 
Horvath et al., 1983; Rowe and Armitage, 1987; Toh et al., 1989; McVay et al., 1992; Seidel and 
Collingwood, 2001; Abu-Hejleh et al., 2003; Miller, 2003; Kulhawy et al., 2005; Kulhawy and 
Prakoso, 2007; Stark et al., 2013). Tip resistance, however, has received less attention. 
Consequently, existing predictive models for tip resistance of rock sockets often inaccurately 
predict load test results (Zhang and Einstein, 1998). This is because i) the existing theoretical or 
semi-theoretical models are developed based on assumed failure mechanisms that do not 
accurately represent the actual shape of the failure mechanism under the drilled shaft tip (e.g., 
method of Serrano and Olalla, 2002a that is in complete disparity with the observed failure 
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mechanism by Williams, 1980 for drilled shaft and plate load tests in weathered Sydney 
siltstone) and ii) the empirical models do not often account for fundamental factors that control 
the tip resistance and are based on load test databases that contain both soft and strong rocks (see 
Chapter 3). Accordingly, empirical, semi-theoretical and theoretical methods lead to biased 
estimates of tip resistance of drilled shafts in soft rock mass (see Chapter 6). 
 
9.1.1 Empirical models 
Empirical models for the prediction of the tip resistance and tip deformation of drilled 
shafts in rocks are usually developed based on a limited number of in situ or laboratory load test 
data (e.g., Bishnoi, 1968; Rowe and Armitage, 1987; Carter and Kulhawy, 1988; ARGEMA, 
1992; Zhang, 1997; Abu-Hejleh and Attwooll, 2005; Stark et al., 2013). The most important 
characteristic of many empirical models for design of drilled shafts in rocks is that they do not 
assume a particular failure mechanism in their formulation. Instead, measured tip resistance is 
directly correlated with the rock and drilled shaft properties that could be readily measured or 
estimated. A review of the empirical models is provided in Chapter 2. These models may be 
represented in equation form as follows 
 
q = α × qu( )n            (9-1) 
 
where q is the unit tip contact pressure (that is assumed to cause bearing capacity failure), qu is 
the unconfined compressive strength of intact rock specimen and α and n are empirical constants 
that are commonly related to intact rock (e.g., qu) and/or rock mass (e.g., joint spacing, joint 
aperture thickness) properties. 
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9.1.2 Semi-theoretical models 
Semi-theoretical predictive models for the tip resistance and tip deformation of drilled 
shafts are based on mathematical formulations that are developed to explain the observations 
from laboratory and field experiments (Sowers, 1976; Couetdic and Barron, 1975; Serrano and 
Olalla, 2002a and b). These models commonly assume a failure mechanism under the drilled 
shaft tip that often is in disparity with the field evidence. These models are discussed in detail by 
Turner (2006) and in Chapter 2 of this thesis. Semi-theoretical models commonly follow the 
classical Prandtl (1920) and Terzaghi (1943) bearing capacity theories 
 
q = cNc + γDNq +
1
2
γBNγ          (9-2) 
 
where c is the cohesion intercept (drained or undrained based on the compressibility, 
permeability of the rock mass and rate of load application in the load tests), γ is the geomaterial 
unit weight, D is the embedment depth of the foundation base measured from the ground surface, 
B is the drilled shaft tip diameter and Nc, Nq and Nγ are the bearing capacity factors. While these 
models have been successfully used in the design of many foundations, analyses presented in 




The behavior of rock mass under vertically loaded areas is discussed in this chapter. The 
following topics are evaluated: 
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1. Drilled shaft and plate load test results in soft rocks are compared with empirical and 
semi-empirical theories based on indentation hardness tests. 
2. Solutions based on the theories of expansion of cavities in brittle media (Ladanyi, 1966 
and 1967) are compared with the q-z relationships to examine their applicability to the 
evaluation of the drilled shaft behavior in soft rocks. 
3. The yield (qy) and fracture initiation (qf) pressures in soft rocks under the loaded area are 
defined with reference to the back-calculated q-z relationships. 
4. Griffith (1921) theory of fracture and its modified version (i.e., McClintock and Walsh, 
1962) are discussed. The proposed definitions for initial yield and fracture initiation 
pressures are then compared with the original and modified Griffith fracture theories. 
5. A failure mechanism under the drilled shaft foundation tip is proposed based on the 
drilled shaft data reported in this study and additional data that are available in the 
technical literature (e.g., Ladanyi, 1972; Goodman, 1980). 
6. The solutions based on the theories of three-dimensional consolidation (Biot, 1941) are 
used to examine the degree of excess pore water pressure dissipation (i.e., degree of 
consolidation) in the immediate vicinity of the drilled shaft tip. The information obtained 
from these analyses is used for assigning drained or undrained parameters in development 
of models for tip resistance. 
7. Effects of depth of embedment of drilled shaft tip and aperture thickness of the joints on 
the behavior of rock mass under drilled shaft tip are discussed. 
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9.2 Indentation Hardness and Cavity Expansion Theories 
Indentation hardness tests and the cavity expansion theories have been used for the study 
of the behavior of foundations on rock masses. These methods are discussed in the following 
sections and are compared with the drilled shaft load test database reported in Appendix A. 
 
9.2.1 Methods based on indentation hardness tests 
Prandtl (1920) proposed a theory for determination of hardness of plastic bodies based on 
indentation hardness tests. Terzaghi (1943) extended the Prandtl (1920) method and used it for 
the prediction of the bearing capacity of shallow continuous foundations. Terzaghi (1943) 
general shear failure mechanism (i.e., boundaries of zone of plastic equilibrium after failure, 
Terzaghi et al., 1996) is shown in Figure 9.1. The failure mechanism shown in Figure 9.1, 
however, does not generally materialize in the immediate vicinity of drilled shaft tip in soft 
rocks. This is because the service loads in common civil engineering projects do not produce the 
horizontal strains assumed in the Terzaghi (1943) theory, which are required for the development 
of the passive wedges on either sides of the foundation base, as shown in Figure 9.1. This is 
confirmed by the observed failure mechanism under the drilled shaft and plate load tests in 
weathered Sydney siltstone (see Figures 9.9 to 9.18) that are first reported by Williams (1980). 
Indentation hardness tests show that if a concentrated load is applied to the surface of a 
brittle rock, the rock failure is confined to a region in the immediate vicinity of the point of load 
application (Ladanyi, 1966). This contradicts the commonly assumed failure mechanism in 
classical bearing capacity theories (e.g., Figure 9.1). This observation is in agreement with 
Williams (1980) observations for drilled shaft load tests in weathered Sydney siltstone. The 
mechanism leading to brittle rock fracture and failure has been observed (Figure 9.2, after 
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Reichmuth, 1962; Ladanyi, 1966) for shallow indention to involve the following sequence (Items 
1 through 3 after Ladanyi, 1966): 
 
1. The incipient failure phase: “after an essentially elastic stress distribution, first cracks 
appear in the rock in the vicinity of locations in the rock mass where a failure criterion 
(e.g., Griffith, 1921) is satisfied.” 
2. Intermediate phase: “a fairly hemispherical zone of crushed rock is developed under the 
loaded area. Ladanyi (1966) proposed that this crushed zone expands the surrounding 
elastic zone by radial pressure. Radial cracks will develop on the margin of this 
hemispherical area as the load is incrementally increased.” 
3. Ultimate failure phase: “horizontally oriented radial pressure produces a wedge of failed 
rock under the loaded area.” 
 
To further the understanding of the failure mechanism under a loaded area in rocks, 
Ladanyi (1972) discussed the failure mechanism under a spherical indenter on the surface of rock 
by “arbitrarily” dividing the rocks into two groups, namely nonporous (dense) and porous rocks: 
 
1. Dense material: “in an extreme case of a dense and amorphous material [i.e., a material 
that lacks a definite crystalline structure] such as glass, after a brief elastic response, 
Hertzian tensile cracks will be initiated at the rim of the indenter base, forming a 
truncated cone beneath the indenter.” Ladanyi (1972) indicates the cracks are stable up to 
a certain load level. However, after a certain load threshold, further increase in the 
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contact pressure will result in the crushing of the cone at which time, the cracks will 
propagate to the surface in an “unstable” and violent manner. 
2. Porous rock: “in an extreme case of a porous brittle material, such as foamed glass, in 
which even in uniaxial compression the mode of failure is a structural collapse with 
particularly no lateral strain, it seems evident that after a threshold pressure, which is of 
the order of uniaxial compressive strength, has been exceeded, the indenter can be pushed 
to a considerable depth with only a small increase in pressure and with a very limited 
damage to the surrounding material.” 
 
The second mode of failure (i.e., indentation of porous rocks) discussed above is of 
particular interest herein because erosion (and thus stress relief), swelling, weathering and 
subsequent softening (Mesri et al., 1978; Goodman, 1980 and 1989; Cepeda-Diaz, 1987; 
Goodman, 1993; Mesri and Shahien, 2003) result in formation of secondary structures (i.e., 
secondary porosity) such as fissures, joints and cracks which effectively increase the porosity of 
the parent rock material and render an initially dense and compact rock mass (e.g., compaction 
shales) porous. The mode of failure described in Item 2 above has been observed in a substantial 
number of axial load tests on drilled shafts in weathered Sydney siltstone that were conducted by 
Williams (1980). These load tests and observed failure mechanisms are discussed later in this 
chapter (see Figures 9.9 to 9.18). Therefore, it seems that some similarities exist between the 
observed mode of failure in weathered rocks and in indentation of porous material. 
Ladanyi (1972) summarized the following expressions for prediction of the fracture 
initiation pressure (qf): 
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n × (1− 2ν)
, (assuming a Poisson’s ratio of 0.25 and n = 4 based on Griffith 
fracture theory) and obtained a ratio of tip pressure causing fracture initiation (qf) to 
unconfined compressive strength (qu) (i.e., qf/qu) of 0.5. Simon (1963), however, 
proposed qf/qu = 2 as a lower-bound solution for prediction of the fracture initiation 
pressure. 
2. For porous rocks, Ladanyi (1972) proposed that “failure” takes place at a stress ratio qf/qu 
= 1. This suggests that in porous rocks, the failure pressure cannot exceed the unconfined 
compressive strength of the rock. Ladanyi (1972) however, did not clearly define failure 
(i.e., it is not clear whether failure refers to the yield or fracture initiation and propagation 
in the rock, under the indented area). 
 
Ladanyi (1972) and Goodman (1980, 1989) showed that if the rock under the loaded area 
can be assumed to consist of a mass of crushed material whose Mohr-Coulomb failure envelope 
(linear or nonlinear) exhibits a zero cohesion intercept (c' = 0), stress ratio indicating failure 






          (9-3) 
 
where φ' is the friction angle of the crushed material from drained triaxial tests when the 
confining pressure corresponds to the in situ horizontal pressure in the vicinity of the crushed 
zone (see Figure 9.3) under the tip of the drilled shaft. For a friction angle of 30 degrees, 
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Equation 9-3 gives a qf/qu ratio of 4. Ladanyi (1972), based on this equation and analysis of other 
theoretical solutions, proposed a lower-bound qf/qu ratio of 3. Experiments by Ladanyi (1972) 
indicates that qf/qu ratio ranges from 3 to 24 for indentation tests on sandstone, chlorite and 
quartzite. Ladanyi (1972), based on his experimental results concluded that the new cracks 
initiate at a qf/qu ratio of 1 and actual failure takes place at a qf/qu ratio of 3. 
The ratios of the contact pressure to unconfined compressive strength (qf/qu) that are 
summarized above are now compared with the ratios of back-calculated yield pressure (qy) and 
fracture initiation pressure (qf) to unconfined compressive strength for drilled shaft and plate 
load tests in soft rock. The procedure for back-calculation of qy and qf from drilled shaft and 
plate load test q-z relationships (see Appendix A) is discussed in Chapters 3 and 10. The results 
are shown in Figures 9.4 and 9.5. The following conclusions are made: 
 
1. None of the methods discussed above account for the depth of embedment of loaded area. 
2. The proposed methods do not account for the displacement under the loaded area and its 
effects on the mobilized qy and qf. 
3. These above methods relate the qy and qf to unconfined compressive strength only. The 
deformational characteristics of rocks are not account for. 
4. The scatter in the data in Figures 9.4 and 9.5 is significant. This indicates that inclusion 
of other rock and drilled shaft properties may improve the prediction of the yield and 
fracture initiation pressures. 
5. The back-calculated yield and fracture initiation pressure data reported in Figures 9.4 and 
9-5 are within the theoretical and experimental bounds from the published literature. 
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6. qf/qu ratios of 0.5 and 24 appear to be the lower- and upper-bounds to the experimental 
data for yield and fracture initiation pressures (Figures 9.4 and 9.5). 
7. The fracture initiation pressure (qf) for weathered rocks in the database appears to be 
greater than the unconfined compressive strength (qu). This is shown in Figure 9.5. This 
is in contradiction with Ladanyi (1972) proposed value for the ratio of qf/qu. 
8. The ratios of the back-calculated fracture initiation pressure (qf) to the unconfined 
compressive strength (qu) in Figure 9.5 (i.e., qf/qu) do not fall closely within the range of 
3 ≤ qf/qu ≤ 4 that is obtained based on the assumption that rock mass under the drilled 
shaft tip is transformed into a zone of “crushed” material (Ladanyi and Nguyen, 1966; 
Ladanyi, 1972; Goodman, 1980 and 1989). Therefore, transformation into a fully crushed 
zone may not be a reasonable assumption to describe the rock mass condition under the 
drilled shaft tip. 
 
9.2.2 Cavity Expansion theories 
Ladanyi (1966) proposed a failure mechanism for rock under uniformly loaded areas 
based on i) the theory of expansion of cavities in brittle media (e.g., Ladanyi, 1967) and ii) 
observations from indentation and plate load tests (Ladanyi, 1966) on rock and concrete. Using 
the proposed failure mechanism, Ladanyi (1966) developed a predictive model for the 
indentation pressure that leads to failure of rock under the indenter. The relationship of Ladanyi 
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where E is the modulus of deformation and ν is the Poisson’s ratio of rock. Kp is the coefficient 
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and the coefficient “a” is obtained from 
 
a = 4× sinφ '
3× (1+ sinφ ')
          (9-6) 
 
where φ' is the drained friction angle of the rock within the crushed zone under the loaded area 
(see Figure 9.2). The rock mass is assumed to behave in a drained manner because of the 
presence of natural and load induced fractures, which substantially increase the permeability of 




, has been related to the diameter (B) and the vertical displacement (z) of the 
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Equation 9-4 is used to predict the base pressure-displacement relationships for each load 
test in Appendix A. The predicted q-z relationships are compared with the back-calculated q-z 
relationships in the same appendix. The input parameters to Equation 9-4 are determined as 
follows: 
 
1. An average value for Poisson’s ratio of 0.3 is used, which is based on the data reported in 
Chapter 5 for soft rocks. The data presented in Chapter 5 show a range of Poisson’s ratio 
of 0.1 to 0.5 that results in 2.9 ≤ 3× 2 − 1
2





⎥ ≤ 3.49 . Therefore Equation 9-4 is 
not significantly sensitive to the chosen value of Poisson’s ratio. 
2. The unconfined compressive strength (qu) of rock is taken as reported in Appendix A for 
each case record. 
3. The modulus of deformation of rock mass (Em) is back-calculated from the q-z 
relationship for each case history. The procedure for back-calculation of Em is discussed 
in Chapters 3 and 5 and in more detail in Chapter 10. 
4. The friction angle in Equations 9-5 and 9-6 are assumed to be equal to the drained 
friction angle of the rock mass (i.e., φ' = φ'm). Rock mass friction angle (φ'm) is obtained 
in accordance with the procedures indicated in Chapters 3 and 5 (predictive model for 
friction angle after Hoek and Brown, 1997). 
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The back-calculated and predicted q-z relationships are shown in Figure 9.31. 
Examination of these results indicates that: i) the cavity expansion theory provides reasonable 
estimates for the initial linear-elastic zone in the back-calculated q-z relationships, ii) the cavity 
expansion theory underestimates the back-calculated contact pressure at large vertical 
displacements and iii) the cavity expansion theory predicts that the failure load (or pressure) is 
mobilized at a faster rate than it is actually mobilized in the field as indicated from the 
comparison of the predicted and measured relationships in the Appendix to this chapter. 
According to Ladanyi (1966), depth does not significantly influence the mobilized base pressure 
of foundations in rocks. It must be noted, however, that embedment depth can indirectly affect 
the mobilized base pressure of foundations by gradually changing the failure mechanism from a 
general shear failure mode at shallow embedment depths to a punching failure mechanism (based 
on Vesic, 1963 observations for deep foundations in sand) as the depth of embedment increases. 
Ladanyi (1966) compared Equation 9-4 with back-calculated pressure-displacement relationships 
for indentation of concrete and made similar observations (i.e., Items i through iii) regarding the 
suitability of the cavity expansion theory for predicting pressure-displacement relationships in 
rock and concrete. Possible reasons for the discrepancy between the back-calculated and 
predicted q-z relationships, as observed in Appendix to this chapter, are discussed below: 
 
1. The stress-strain relationship that is assumed for rock in Equation 9-4 is based on an 
elastic-brittle-plastic material that is subjected to axial loads. Triaxial tests on soft rock 
specimens reported in the literature (e.g., Mesri and Gibala, 1971; Williams, 1980; 
Goodman, 1980; Jaeger et al., 2007; tests by the Author reported in Stark et al., 2013) 
indicate that soft rocks are more plastic than that assumed by Ladanyi (1966), especially 
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when the confining pressure on the rock is relatively large compared to the brittle-to-
ductile transition pressure (typically brittle-to-ductile transition pressure is close to the 
unconfined compressive strength of soft rock, Singh and Rao, 2005); a situation that is 
very likely for the rock in the vicinity of the drilled shaft tip. Analyses presented in the 
subsequent sections of this chapter show that the horizontal pressures that act on the 
cracked zone (Figure 9.3) in the immediate vicinity of the drilled shaft tip are greater than 
typical brittle-to-ductile transition pressures for soft rocks that are summarized in the 
technical literature (e.g., Paterson, 1978; Goodman, 1980; Jaeger et al., 2007). Therefore, 
the post-failure pressure that is mobilized in the field should be larger than what is 
implied from the solution proposed by Ladanyi (1966). 
2. Equation 9-4 assumes that the rock in the immediate vicinity of the drilled shaft tip is in a 
crushed state. This assumption is in contradiction with the observed mechanism by 
Williams (1980). Williams (1980) observed vertical cracks separated by intact columns 
of rock under the drilled shaft tip after the conclusion of load tests in weathered to very 
weathered Sydney siltstone. It must be noted that Williams (1980) load tests were 
conducted at different depths in Sydney siltstone.  
 
9.3 Griffith Fracture Theory 
The Griffith fracture theory (i.e., Griffith, 1921; McClintock and Walsh, 1962) is used to 
study the various stages of rock failure under a uniformly loaded area. These stages are those 
corresponding to the initial yielding and fracture initiation of the rock mass in the immediate 
vicinity of the loaded area. The initial yield and the fracture initiation pressures describe two 
stages of rock failure and may be viewed as two different limit states that are of interest to design 
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of drilled shafts in soft rock (see Chapter 10). Additionally, the initial yield pressure is used in 
the formulation of the proposed tip load-transfer function in Chapter 10. Hirany (1988) presents 
a comprehensive review of the available methods for the interpretation of the foundation load 
test results and the corresponding failure load. Hirany (1988) showed that the foundation failure 
load (i.e., strength limit state) is often arbitrarily defined based on an allowable displacement 
which may or may not correspond to the actual failure of the geomaterial under the tip of the 
drilled shaft. Hirany (1988) showed that most definitions of failure are based on serviceability 
requirements. The limit states in this study (i.e., yield and fracture initiation pressures) are 
defined based on actual rock behavior rather than arbitrarily chosen definitions based on 
serviceability considerations. The definitions of the initial yield pressure (qy) and fracture 
initiation pressure (qf) are shown in Figure 9.6 based on the proposed methods of Terzaghi 
(1943) and Hirany (1988). These methods are applied to all load tests in the database of 
Appendix A to determine qy and qf for each load test. 
To further examine the selected definitions of these limit states (i.e., qy and qf that are 
equivalent to the q1 and q2 definitions, respectively, proposed by Terzaghi, 1943 and Hirany, 
1988), and to examine the rock behavior at the each failure stage, the back-calculated qy and qf 
are compared with the original and modified Griffith fracture theories (i.e., Griffith, 1921 and 
McClintock and Walsh, 1962, respectively). The rock behavior at each loading stage is 
discussed. The original Griffith fracture theory (Griffith, 1921) assumes cracks are initially open 
and that no contact exists between the joint surfaces. This theory may be expressed as follows 
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and the modified Griffith fracture theory (after McClintock and Walsh, 1962) that assumes 
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where σ'1 is the major principal stress (that is assumed to be equal to tip pressure, q), σ'3 is the 
minor principal stress and µJ is the coefficient of friction that is mobilized on the closed crack 
surfaces. The corresponding values of the minor principal stress (σ'3) are calculated as follows 
 
σ '3 = Ko × (σ 'vo+ Io × q)          (9-10) 
 
where Ko is the coefficient of earth pressure at rest that is obtained from (1− sinφ 'm )×OCR
sinφ 'm  
(Mesri and Hayat, 1993; Terzaghi et al., 1996), σ'vo is the initial effective overburden pressure 
adjacent to cracked zone (Figure 9.3), q is the foundation base pressure and Io is the influence 
factor that accounts for the increase in the effective vertical pressure in the vicinity of the 
cracked zone due to the applied base pressure (q). An average value of Io = 0.25 based on elastic 
theory (Foster and Ahlvin, 1954) and assuming that failure mechanism extends to two base 
diameters (i.e., 2B) below the foundation base (that is based on Williams, 1980 observations of 
load tests in weathered Sydney siltstone and the implications of the elastic theory as discussed in 
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Terzaghi et al., 1996) is used to calculate the increase in effective overburden pressure near the 
cracked zone (Figure 9.3). The modified Griffith fracture theory (McClintock and Walsh, 1962) 
is evaluated for joint coefficient of friction (µJ) of 0.5, 1 and 1.5 following Hoek (1965). Barton 
and Choubey (1977) reported that “a common value of the peak coefficient of friction for rock 
joints is 1, but the range may be from 0.5 to 5.” Therefore, the range of µJ used by Hoek (1965) 
that is also adopted in this thesis is in agreement with the data available in the published 
literature. 
The back-calculated qy (or q1 according to Hirany, 1988) and qf (or q2 according to 
Hirany, 1988; Terzaghi, 1943) from the load tests and those predicted based on the original and 
modified Griffith fracture theories are compared in Figures 9.7 and 9.8, respectively. The 
following conclusions are made in relation to the proposed definitions of yield (qy) and fracture 
initiation (qf) pressures and the rock behavior under the loaded area at the corresponding loading 
stages: 
 
1. Initial yield pressure (qy): Figure 9.7 shows that the back-calculated qy values from q-z 
relationships obtained from the drilled shaft and plate load tests generally fall below the 
failure envelope defined by both the original and modified Griffith fracture theories. This 
indicates the base pressure at the initial yielding does not lead to fracturing and 
significant load-induced crack formation and propagation within the rock mass. However, 
this pressure will cause yielding of the rock structure under the loaded area as suggested 
by the rapid change in the curvature of the q-z relationship at the onset of mobilization of 
qy. 
693
2. Fracture initiation pressure (qf): Figure 9.8 shows that the modified Griffith fracture 
theory (for µJ = 0.5) and the original Griffith fracture theory are in reasonable agreement 
with the back-calculated values of qf. A value of µJ = 0.5 may be compared to the fully 
softened friction angle for soft rocks with plasticity indices less than 50% (Terzaghi et al., 
1996). It is also comparable to rock mass friction angle (Hoek and Brown, 1997) 
corresponding to rock weathering grades for the soft rocks included in the database 
(Appendix A) and is in agreement with the reported range (i.e., 0.29 to 0.88 after Jaeger, 
1959; Walsh and Brace, 1964) for the rock joint coefficient of friction in the technical 
literature. Therefore, it is concluded that the back-calculated fracture initiation pressure 
(qf) based on the method of Terzaghi (1943) and Hirany (1988) may be used to represent 
the pressure that will cause initiation of new fractures (i.e., load-induced fractures) in the 
rock mass under the loaded area. 
 
It is noted that σ'3 in Figures 9.7 and 9.8 is calculated for OCR = 5 and OCR = 10 (where 
OCR is the overconsolidation ratio = σ'p/ σ'vo, where σ'p is the preconsolidation pressure and σ'vo 
is the current effective overburden pressure) that is typically observed for weathered sedimentary 
rocks (Williams, 1980). Abu-Hejleh et al. (2003), using pressuremeter device, found that OCR 
for soft claystones and sandstones in Colorado ranges from 4.9 to 9. Abu-Hejleh et al. (2003) 
also indicated that OCR could reach up to as high as 16 to 17 in some locations within the rock 
formations that were investigated. A range of 5 to 10 for OCR is chosen herein to study the 
sensitivity of the calculated σ'3 to the assumed values of OCR (OCR had to be assumed because 
it is not reported for most of the case histories). It can be seen that OCR does not significantly 
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affect the calculated σ'3 and that in both cases (i.e., OCR = 5 and 10) the trends represented by 
data reasonably agree with the theory (i.e., Griffith, 1921; McClintock and Walsh, 1962). 
 
9.4 Observed Failure Mechanism from Field Evidence 
Williams (1980) performed drilled shaft load tests and plate load tests in weathered to 
highly weathered Sydney siltstone. The load test configuration and the observed failure 
mechanisms are shown in Figures 9.9 to 9.18 and the corresponding load test results are included 
in Appendix A. The following observations can be made about the nature of the mobilized 
failure mechanism in the load tests that are reviewed herein (i.e., Williams, 1980 load tests): 
 
1. The water content of the rock at the load test sites ranges from 9.4% to 18.5% (i.e., 17%, 
18.5%, 13.6%, 9.4%, 12.1%, 10.9%, 11.3%, 11.1%, 11.7% and 10.2% for load tests, S10, 
S13, M7, M13, M14, M15, M16, M20, M21 and M8, respectively). 
2. The drilled shaft tip displacement in load tests in Figures 9.9 to 9.18 ranges from 32 mm 
to 100 mm (i.e., 40 mm, 34 mm, 100 mm, 32 mm, 40 mm, 44 mm, 48 mm, 60 mm, 60 
mm and 60 mm for load tests, S10, S13, M7, M13, M14, M15, M16, M20, M21 and M8, 
respectively). 
3. Figures 9.9 to 9.18 show that at the mentioned base displacements, the general shear 
failure mechanism (Terzaghi, 1943) did not mobilize in any of these load tests. This 
means that the boundaries of the zone of plastic equilibrium (Terzaghi et al., 1996) can 
not be easily determined in these load tests. 
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4. The failure mechanism is confined to a zone of approximately 1 to 2 base diameters (B) 
deep under the drilled shaft tip. This is comparable with that predicted based on the 
elastic theory (Terzaghi et al., 1996). 
5. The failure mechanism can be described as a cylindrical region that includes vertical to 
subvertical cracks, shear surfaces and slickensided surfaces. 
6. It appears that the net displacement under the drilled shaft tip is mainly vertical and 
parallel to the principal stress (i.e., foundation load). Lateral displacements are small and 
negligible. 
7. Formation of the vertical cracks under the drilled shaft tip is in agreement with theory 
(e.g., Griffith, 1921; McClintock and Walsh, 1962; 1965). 
8. Increase in depth of embedment appears to change the failure mechanism from general 
shear failure to punching failure that may be attributed to the effect of confinement that 
results from effective overburden pressure. 
9. The increase in the compressibility of the rock mass due to weathering and stress removal 
of overburden could also contribute to the change in the mode of failure as observed in 
the load tests by Williams (1980). 
 
The above observations and the analysis presented in the previous sections are now used 
to propose a failure mechanism in the immediate vicinity of the drilled shaft tip. 
 
9.5 Failure Mechanism Under Uniformly Loaded Areas in Soft Rocks 
The observations from the indentation tests in brittle rocks (e.g., Ladanyi, 1966) and the 
drilled shaft and plate load tests in soft rock by Williams (1980) are used to explain the events 
leading to yielding and rock fracturing under a uniformly loaded region in drilled shaft and plate 
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load tests. Figure 9.6 (data from the literature) shows a typical drilled shaft tip pressure-
displacement relationship (i.e., q-z relationship) that is obtained from Appendix A for load test 
LT-8854 over Des Moines River test site. The proposed failure sequence (i.e., fracture initiation 
and propagation) under a loaded area is described below with reference to Figure 9.6: 
 
1. Zone 1: rock socket tip exhibits elastic behavior. The initial shape of the q-z relationships 
suggests that cracks are initially closed or partially open which is expected for soft rocks. 
This is because the concave downward initial portion of the q-z relationship does not 
suggest significant joint closure. Application of foundation loads in this zone produces 
“pore deformation and [possible] grain compression at a linear rate” Goodman (1980). 
Zone 1 ends with yielding of the rock mass that is suggested by emergence of a highly 
nonlinear pressure and displacement relationship. The pressure that marks the end of 
Zone 1 is referred herein to as the yield pressure (qy). Use of Griffith and modified 
Griffith fracture theories in the previous sections showed that pressures corresponding to 
qy do not lead to fracturing of the rock mass. 
2. Zone 2: rock behavior is non-linear. Foundation loading is accompanied with the change 
of the pore structure (Goodman, 1980) and formation of new shear surfaces (Bieniawski 
1967) that are mainly parallel to the direction of the applied foundation loads. Formation 
of these shear surfaces was observed by Williams (1980) in highly weathered Sydney 
siltstone. This is a transitional zone where major changes in the structure of soft rock 
takes place and new cracks start to form and propagate, mainly parallel to the direction of 
the major principal stress (i.e., the foundation contact pressure). 
697
3. Zone 3: pressures and displacements vary linearly. This is accompanied by an 
appreciable increase in the horizontal pressures around the cracked zone (Figure 9.3) that 
is developed under the drilled shaft tip. Analysis of the load tests (that is shown in the 
previous sections) shows that the horizontal stresses may be as large as 10 times qu at the 
initiation of Zone 3. This observation, along with the relatively low observed brittle-to-
ductile transition pressures for soft rocks such as clay shale, chalk and limestone 
(Paterson, 1978; Goodman, 1980; Jaeger et al., 2007) explains the linearly rising (ductile 
or plastic) portion of the q-z relationship that does not exhibit a peak behavior and may 
be compared to a “partial” hydrostatic compression loading condition where “rock can 
accept an added increment of load, for as high as a pressure that can be generated in the 
field” (Goodman, 1980). The pressure at the start of Zone 3 (qf) marks the initiation of 
major crack formation and propagation under the drilled shaft tip. 
 
9.5.1 Analysis of the proposed failure mechanism and rock behavior under uniformly 
loaded area 
We use a limit equilibrium approach to study the proposed failure mechanism that is 
discussed in the previous section and is shown in Figure 9.19. Analyses using limit equilibrium 
approach commonly i) assume that state of plastic equilibrium is fully mobilized (e.g., Terzaghi, 
1943) in the immediate vicinity of the foundation base (e.g., drilled shaft tip) and ii) use a rigid-
plastic representation for the geomaterial behavior and therefore the corresponding expressions 
proposed for prediction of bearing capacity become independent of tip displacement. Analyses of 
instrumented drilled shaft and plate load tests in soft rock (Appendix A) and the review of the 
literature, however, indicate the followings: 
698
 
1. Weathering results in increased compressibility. The largest compressibility is commonly 
expected for rocks that have experienced extensive erosion, swelling, softening and 
physical and chemical weathering in their geologic past. Increased compressibility results 
in greater displacements to mobilize the fracture initiation pressure (qf) under the drilled 
shaft tip in a matrix of highly weathered rock mass compared to a less weathered rock. 
Therefore, displacement must be a factor that should be considered in the formulation of 
design models for prediction of tip resistance. 
2. McClintock and Walsh (1962) and Goodman (1980) discussed the importance of 
confining pressure on joint closure and compressive strength of rocks that contain micro-
cracks, joints and fissures. The increase in the compressive strength of rock is also 
predicted by the original Griffith theory (Griffith, 1921). The rate of mobilization of these 
horizontal or transverse stresses that act on the cracked zone under the drilled shaft tip 
(Figure 9.3) is closely related to the drilled shaft displacements. The magnitude of 
vertical displacement required to mobilize such stresses vary from one rock and one state 
of weathering to another. Therefore, it is concluded that the displacement term must be 
included in the expressions for prediction of qf. 
 
In the following sections, we will use the failure mechanism proposed in Figure 9.19 and 
the drilled shaft load test database (Appendix A) to show that: 
 
1. The mobilized horizontal stresses around the cracked zone (Figure 9.3) and drilled shaft 
displacements are related. 
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2. The mobilized horizontal stresses around the cracked zone at the onset of fracture 
initiation are smaller than those corresponding to the passive condition (i.e., plastic 
equilibrium) that is commonly assumed in Terzaghi (1943) classical bearing capacity 
theory. 
 
The assumed failure mechanism (Figure 9.19) is based on i) the observations of Williams 
(1980) from load tests in weathered siltstone and ii) the analyses presented in the previous 
sections using the Griffith fracture theories. The observations of Williams (1980) are shown in 
Figures 9.9 to 9.18. The mechanism is explained below: 
 
1. The proposed failure surface consists of vertical “contact faces” ab and cd because 
Williams (1980) observed that the shear surfaces under the base of drilled shafts in 
weathered siltstone are essentially vertical to subvertical. Williams further observed that 
these shear surfaces extend from the edge of the foundation and that on occasion, shear 
surfaces also extend downward from underneath the base of the foundation. 
2. It is assumed that no “load-induced” shear surfaces exist outside of the cylindrical 
volume abdc. This is based on Williams (1980) observations from load tests in Sydney 
siltstone. 
3. The forces that act on this cracked zone (see Figure 9.19) include the self-weight of the 
cylindrical volume (i.e., W), the load of the foundation (i.e., Qf) and the lateral earth 




The equilibrium of forces that act on the contact faces of the cylindrical block denoted by 
abdc in Figure 9.19 can be written as follows 
 
Qf +W − Pv = 0           (9-11) 
 
where Pv is the vertical component of the inclined earth pressure (P). In writing the equilibrium 
of forces in Equation 9-11, it is assumed, based on elastic solutions of Osterberg and Gill (1973), 
Ladanyi (1977) and Goodman (1980), that a substantial portion (more than 85% based on 
Osterberg and Gill, 1973 and Ladanyi, 1977) of the tip load (Qf) is carried along the contact 
faces ab and cd and thus the rock mass under the affected volume abdc does not significantly 
contribute to the overall equilibrium of the block abdc. Rearranging terms in Equation 9-11, we 
can get an expression for load Qf that is required to mobilize a mechanism similar to that shown 
in Figure 9.19. This expression is shown below 
 
Qf = Pv −W            (9-12) 
 
The respective terms in Equation 9-12 can be defined as follows 
 















Pv = (πB)× (2B)× c 'm+ Pcosφ × tanφ⎡⎣ ⎤⎦        (9-14) 
 










⎥πB+ γDGSK(πB)B         (9-15) 
 
Combining Equations 9-12 to 9-15 and dividing both sides of Equation 9-12 by the cross-
sectional area of the uniformly loaded area in drilled shaft and plate load tests gives the 
following expression for contact pressure (qf) at the base of the foundation in soft rock 
 

















− 2Bγ      (9-16) 
 
K in Equations 9-15 and 9-16 is equivalent to the coefficient of earth pressure. K is used herein 
to convert vertical stresses to horizontal stresses that act on the contact faces of the cylindrical 
volume abdc in Figure 9.19. It is noted that no assumption is made regarding the magnitude of 
the factor K because the state of stress in the soft rock mass around volume abdc is very complex 
due to the alteration of the initial stresses by excavation activities and the subsequent foundation 
loading and the exact value of K is not known at this time. All other terms in Equation 9-16 have 
been defined previously. The contact faces between the sides of volume abdc is a rock/rock 
interface. Therefore, it is assumed that the resultant earth pressure P acts at an angle of φ = φ'm 
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with respect to the normal to the contact faces ab or cd as shown in Figure 9.19. Equation 9-16 
can now be rearranged to obtain a closed form solution for K = Kmob as follows 
 
Kmob =
qf −8c 'm+ 2Bγ







× cosφ 'mtanφ 'm
       (9-17) 
 
Equation 9-17 is now used along with the soft rock properties, drilled shaft geometry and 
load test results for each case history in tip resistance database of Chapter 3 (see also Appendix 
A) to back-calculate the values of Kmob for each load test. The values of Kmob are then 
normalized with the corresponding passive earth pressure coefficient (Kp). The relationship used 
















        (9-18) 
 
The normalized values of Kmob (i.e., Kmob/Kp) are plotted in Figure 9.20 as a function of 
the normalized tip of drilled shaft displacement (i.e., zf/B) that corresponds to the values of 
fracture initiation pressure (qf). The following observations can be made: 
 
1. The back-calculated values of Kmob are not equal to the passive earth pressure coefficient 
(Kp). Therefore, an state of plastic equilibrium is not mobilized in the immediate vicinity 
of the loaded area. 
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2. The values of Kmob increase with displacement. 
3. The back-analyzed values of Kmob < Kp for most cases confirm the assumption that a full 
passive wedge (shear surface) does not materialize under the base of the drilled shafts 
studied in this thesis. This is agreement with Williams (1980) observations (Figures 9.9 
to 9.18). 
 
Equation 9-16 may be used with the corresponding values of Kmob/Kp that are provided in 
Figure 9.20 to estimate qf for design purposes. It must, however, be noted that although the shear 
surface that is used in back-calculation of Kmob/Kp is more likely to resemble the actual field 
failure mechanism for drilled shafts in soft rocks than that shown in Figures 9.1 and 9.2, the 
shape of the “actual” failure surface remains an unknown and thus back-calculated values of 
Kmob/Kp can only be considered approximate and are associated with uncertainty. 
 
9.5.2 Implications of the proposed failure mechanism 
A failure mechanism is proposed in the previous section. This failure mechanism that is 
based on the results of in situ load tests has the following design implications: 
 
1. Rock failure (i.e., yielding and subsequent fracture initiation and propagation) under the 
drilled shaft tip is mainly by rock compression and concurrent formation of vertical to 
subvertical cracks. To the Author’s best knowledge, shear surfaces at the onset of 
mobilization of the initial yield pressure (qy) or the fracture initiation pressure (qf) do not 
penetrate the overburden. This is consistent with the reported test results and observed 
shear surfaces for deep foundations in sand by Vesic (1963) and test results (and 
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observed shear surfaces) for drilled shaft and plate (conducted at the bottom of boreholes) 
load tests in weathered Sydney siltstone reported by Williams (1980). Results of 
numerical analysis using axisymmetric models for shallow foundations on rocks (after 
Benson et al., 1970) also indicates that the rock deformations under the loaded area are 
principally in the downward direction and that shear surfaces do not generally revert to 
the ground surface. Benson et al. (1970) findings are in agreement with the field evidence 
discussed earlier. 
2. Horizontal strains in the rock mass in the immediate vicinity of the drilled shaft tip are 
not large enough to mobilize a full general shear failure mechanism (e.g., Terzaghi, 
1943). The mobilized shear surfaces and the failure mechanism are believed to be 
“localized to the immediate vicinity of the tip of the foundation” (Vesic, 1963; Williams, 
1980). The localization of the failure mechanism to the zone in the immediate vicinity of 
the tip of deep foundations has been reported by other investigators in the published 
literature (Jaky, 1948; Kahl and Muhs, 1952; Kerisel, 1953; L’Herminier, 1953; 
Berezantsev, 1960). According to Vesic (1963), “not a single [load] test ever indicated 
failure surfaces reverting to the shaft.” Additionally, Vesic (1963) developed a chart that 
shows as embedment depth of a foundation increases, the punching shear failure 
generally dominates the failure mode regardless of the relative density or compressibility 
of the geomaterial. For example, Vesic (1963) showed that for a circular foundation this 
critical depth (in normalized form, i.e., DGS/B) is roughly equal to four times the 
foundation diameter, B (i.e., DGS/B = 4). Vesic (1963) also maintains that the depth at 
which the mode of failure changes to punching shear failure is dependent on the 
compressibility of the material and states that more compressible materials (e.g., soft 
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rocks) have lower critical depths. Jaky (1948), using the limit equilibrium approach, 
showed that the failure mechanism is localized to the zone in the vicinity of the drilled 
shaft tip, especially for foundations in clay-based soils. Therefore, the solutions based on 
the general shear failure mechanism (Terzaghi, 1943; Serrano and Olalla, 2002) are not 
generally applicable to the problems of the bearing capacity of drilled shafts in soft rock 
and similar geomaterial because the failure mode in such material (i.e., soft rock) is not 
simply comparable to that assumed in the formulation of the general shear failure 
mechanism. 
3. Formation of additional cracks under the drilled shaft tip may reduce the effect of rock 
mass cohesion intercept at the low range of pressures that are commonly encountered 
near the tip of drilled shafts in soft rock masses. It is shown in Chapter 10 that the rock 
mass cohesion intercept is not strongly correlated to the yield or fracture initiation 
pressures. Same conclusions were drawn by Ladanyi (1972) and Goodman (1980). 
4. Initial effective overburden pressure (σ'vo) is small compared to the horizontal stresses 
that are generated as a result of foundation loads. This argument is in agreement with the 
data presented by Zhang and Einstein (1998) for drilled shafts in weak sedimentary rocks. 
We conclude that the final lateral stresses around the cracked zone are far more important 
than initial effective overburden pressure. McClintock and Walsh (1962) emphasized that 
confining pressure can have important effects on the compressive strength of rock masses 
and thus the final confining pressure plays an important role in the way rock masses 
respond to the foundation loads. This final conclusion is consistent and is in agreement 
with the conclusions drawn by Vesic (1963) for the lack of dependence of both side and 
tip resistance of drilled shafts in sand on the initial overburden pressure. In his 
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conclusion, Vesic (1963) wrote “it appears certain, however, that both base resistance po 
and skin resistance so are linear functions of vertical stress at failure, qf. This stress is not 
necessarily equal nor proportional to the overburden pressure, q.” Note that the symbols 
po, so, q and qf in the preceding sentence are directly taken from Vesic (1963) to maintain 
the originality of the statement in the quotation marks. 
5. The final lateral stress is a function of the elastic properties of rock mass, weathering 
stage of rock mass and the amount of displacement near the tip of drilled shaft. 
6. Based on the last two items, the yield and fracture initiation pressures may be estimated 
more accurately by including the drilled shaft tip displacements required to mobilize qy 
and qf in the design equations for qy and qf than by including depth of embedment. 
7. The final horizontal pressures in the vicinity of the cracked zone (see Figure 9.3) are 
large enough (typically larger than brittle-to-ductile transition pressure, see Paterson, 
1978; Goodman, 1980; Jaeger et al., 2007 for typical ductile-to-brittle transition pressures 
for soft sedimentary rocks) to result in ductile rock behavior for soft sedimentary rocks. 
Therefore, any q-z approach proposed for prediction of pressure-displacement 
relationship of the drilled shaft tip should capture this important and “beneficial” aspect 
of the rock behavior. Analysis presented in the Appendix to this chapter showed that 
theories based on expansion of cavity in brittle media do not capture this important aspect 
of rock behavior because they often underestimate the tip resistance at large 
displacements and assumed an elastic-brittle-plastic rock behavior. 
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9.6 Degree of Consolidation Under Drilled Shaft Tip 
Excess pore water pressure is generated in soft rock (under the drilled shaft tip) when an 
increment of load is applied to the tip of the drilled shaft. The degree of dissipation of the excess 
pore water pressure (i.e., degree of consolidation) at the conclusion of the load test determines 
whether an axial drilled shaft load test has been conducted under drained or undrained condition 
and whether such load test is representative of the behavior of rock mass under the drilled shaft 
in service conditions (i.e., long-term conditions). Moreover, knowledge of the degree of 
consolidation of rock mass at the conclusion of a load test is useful for the selection of the 
parameters (drained or undrained) for formulation of the predictive models for yield pressure 
(qy), fracture initiation pressure (qf) and the initial normal stiffness (Kn). 
The consolidating zone is assumed to coincide with the cracked zone that is discussed 
earlier and therefore will extend to a depth of approximately two drilled shaft diameters (i.e., 2B) 
under the drilled shaft tip. This zone is shown in Figures 9.3 or 9.19. It is shown in the previous 
sections, using the original and modified Griffith fracture theories, that additional vertical to 
subvertical cracks would initiate and propagate as a result of the application of foundation loads. 
Formation of these cracks was observed by Williams (1980) in drilled shaft load tests in 
weathered Sydney Siltstone. The existence of such cracks contributes to the permeability of the 
rock mass and facilitates the process of consolidation under the drilled shaft tip. Due to the 
fractured nature of the sedimentary rocks considered in this study and the presence of the 
pervious horizontal layers (e.g., continuous sand layers within less permeable shales), joints, 
fissures and slickensided surfaces, consolidation and excess pore water pressure dissipation is 
more likely to take place under three-dimensional condition (Biot, 1941; Davis and Poulos, 
1968; Davis and Poulos, 1972) than a one-dimensional condition that is commonly assumed 
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(e.g., Terzaghi, 1943 one-dimensional consolidation theory). This means that water can flow 
vertically as well as horizontally. We will use the solutions based on the Biot (1941) theory of 
three-dimensional consolidation (e.g., Poulos and Davis, 1972) to calculate the degree of 
consolidation that will indicate whether the soft rock mass under the drilled shaft tip is drained, 
underained or partially drained at the conclusion of the drilled shaft load test. The variations of 
the degree of consolidation (U) with time factor (T) based on the Biot (1941) for two cases are 
shown in Figures 9.21 and 9.22 and that of Poulos and Davis (1972) is shown in Figure 9.23. 
These solutions are developed for calculation of the degree of consolidation for i) center of 
uniformly loaded circular area, permeable surface, infinite depth and kv = kh, ii) center of 
uniformly loaded circular area, permeable surface, infinite depth and kv = kh and iii) center of 
uniformly loaded area for a consolidating layer of finite depth, respectively. The time factor (T) 





           (9-19a) 
 






           (9-19b) 
 
where T is the time factor and is dimensionless, ch (assumed to be equal to cv) is the coefficient 
of consolidation in units of m2/hour, t is the time to completion of load test in units of hour and R 
is the radius of the loaded area in meters. Ho is the finite thickness of the consolidating layer. 
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Once the time factor is calculated, it can be used in Figures 9.21, 9.22 and 9.23 to calculate the 
degree of consolidation. The time to completion of load tests is commonly less than 5 hours 
(ASTM D 1143) and the radius of the drilled shafts in each load test is reported in Appendix A. 
The most important variable in Equation 9-19 that will significantly affect the behavior of the 
rock mass under the drilled shaft is the coefficient of consolidation (cv). This important variable 
is not routinely measured as a part of the programs of subsurface investigation and laboratory 
testing, however, it may be back-calculated for each load test case history. The approach for 
back-analysis of cv is described in the next section. 
 
9.6.1 Back-calculation of coefficient of consolidation (cv) 
The coefficient of consolidation of soft rock mass is not commonly reported in the load 
test case histories discussed in Appendix A. This property, however, is needed for examination 
of the degree of consolidation of soft rock mass under the drilled shaft tip. The coefficient of 








           (9-20) 
 
where cv is the coefficient of consolidation, γw is the unit weight of water that is equal to 9.8 
kN/m3, kv is the coefficient of permeability and mv is the coefficient of volume compressibility. 
Equation 9-20 is used to calculate the coefficient of consolidation for different rocks in the 
database of Appendix A. 
Serafim (1968), Mesri and Cepeda-Diaz (1987) and Goodman (1980) reported typical 
values of the coefficient of permeability for rock material and for rock masses. These values are 
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reproduced in Tables 9.1 and 9.2 and are used to estimate the coefficient of permeability (kv) for 
rocks involved in drilled shaft load tests reported in Appendix A. Serafim (1968) indicates that 
“one important factor in the permeability of rock masses is the character of the filler material of 
the joints. This is the reason why, in many cases, altered rock masses near the surface give a 
smaller permeability than deeper masses which do not have filler materials in the joints. 
Although, in general, these materials do not prevent the flow of the water through the joints, they 
are main cause of abnormal or unexplained behavior during the tests.” Because the drilled shaft 
load tests in this study were conducted in soft, weathered and altered rock masses at relatively 
shallow depths, the presence of filler material may significantly affect the field measurement of 
permeability to an extent that field permeability might approach values that are commonly 
measured in the laboratory using intact specimens that contain only micro-cracks and -fissures. 
Therefore, in the subsequent analysis, kv values are selected to be between those obtained from 
laboratory and field measurements as summarized in Tables 9.1 and 9.2. 
The next step is to estimate the values of coefficient of volume compressibility (mv) for 
the rocks reported in the tip resistance database. The coefficient of volume compressibility (mv) 





           (9-21) 
 





           (9-22) 
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In Equation 9-22, Δe is the change in the void ratio induced in the cracked zone (or 
affected zone) (see Figure 9.3) by the applied foundation load and ΔP is the foundation load that 






           (9-23) 
 
where Sr is the saturation ratio of the rock mass, w is the in situ water content and Gs is the 
specific gravity that is taken as 2.75 based on the data provided by Mesri and Cepeda-Diaz 
(1987). The rock is assumed to be saturated and therefore, Sr = 1 based on Williams (1980) 
observations of siltstone in Sydney, the fact that most of the load tests in this study were 
conducted in areas next to rivers where water table has been observed to be close to the ground 
surface and the Author’s experience in soft shales in Illinois (Stark et al., 2013). The change in 
the void ratio (Δe) may be obtained from the following equation and assuming (based on 
Williams, 1980) that the consolidating layer extends to a depth of two shaft diameters (2B) 






           (9-24) 
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where δ (equivalent to z) is the measured vertical deflection under the drilled shaft tip when the 
applied pressure is equal to ΔP, Ho is the original depth of the consolidating layer and is equal to 
2B where B is the diameter of the drilled shaft in soft rock. It is noted that Equation 9-24 
assumes that the vertical deformation induced under the drilled shaft tip is uniformly distributed 
throughout the consolidating layer (the zone that extends from the drilled shaft tip to a depth of 
2B below the tip). Measurements in indentation tests by Samuels and Mulhearn (1957), Brace 
(1960), Ladanyi (1966) showed that the deformation profile under the indenter is not uniform 
with depth in samples of sandstone, limestone, rock salt and anhydrite. The assumption in 
Equation 9-24 thus represents a crude approximation of the actual deformation profile under the 
drilled shaft tip, however, it is sufficient for the analysis that is presented in the subsequent 
paragraphs and results in meaningful estimates of the coefficient of consolidation. Equation 9-24 
also assumes that the majority of the load induced vertical strains are contained within the zone 
of influence that is twice the foundation diameter. Schmertman (1970) showed, by load test 
measurements on sand, that the vertical strains under shallow foundations are negligible below a 
depth of 2B, where B is the foundation diameter. Williams (1980) observed that failure 
mechanism penetrated to a maximum depth of about 2B under the drilled shaft and plate load 
tests in Sydney Siltstone. Terzaghi et al. (1996) determined, based on elastic stress distribution 
solutions, that vertical strains under circular foundations are negligible beyond a depth of 2B 
below the foundation base. Observations of Schmertmann (1970), Williams (1980) and Terzaghi 
et al. (1996) confirm that vertical strain is contained within a depth of 2B below foundation tip 
for all practical purposes. Therefore, the assumption in Equation 9-24 regarding the extent of 
penetration of vertical strains under drilled shaft foundations is sufficiently accurate. The 
proposed approach is now applied to drilled shaft load test S2 (Williams, 1980) that was 
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conducted in Sydney Siltstone (see Appendix A for full description of the load test and load test 
results) to back-calculate the coefficient of consolidation (cv) of the rock mass for this particular 
load test. The steps are summarized below: 
 
1. Estimate initial void ratio (eo): the use of Equation 9-23 with a measured siltstone (very 
fine-grained) in situ water content (w) of 18.6% and an average specific gravity (Gs) of 
2.75 for similar rock types based on the Mesri and Cepeda-Diaz (1987) results in a 
calculated initial void ratio of 0.5115 for the soft and weathered siltstone involved in 
drilled shaft load test S2. 
2. Drilled shaft data: the diameter (B) of the drilled shaft is 600 mm. The load 
corresponding to mobilization of the fracture initiation pressure (qf) is 5.236 MPa that is 
used as ΔP and the corresponding displacement (δ) is 40 mm. The initial thickness of the 
consolidating layer (Ho) is assumed to be 2B = 1200 mm because load test observations 
show that rock is affected to a maximum depth of 2B below the drilled shaft tip. 
3. Change in the void ratio (Δe): using the information provided above and equation 9-24, 
we obtain a change in void ratio (Δe) of 0.05. 
4. Coefficient of compressibility (av): using the values of Δe, ΔP and Equation 9-22, we 
obtain an av = 0.05/5.236 in units of 1/MPa. 
5. Coefficient of volume compressibility (mv): the coefficient of volume compressibility is 
calculated using Equation 9-21 as 6.36 × 10-6 m2/kN. 
6. Coefficient of consolidation (cv): the coefficient of consolidation is calculated by 
assuming a coefficient of permeability of 10-9 m/s and the value of mv that is back-
calculated for this particular load test. This analysis results in a coefficient of 
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consolidation of 473 m2/year that is larger than the laboratory range of 54 to 320 m2/year 
that is reported by Williams (1980). This result is expected due to the weathered and 
fractured nature of the rock mass compared to the intact rock used in laboratory tests by 
Williams (1980). 
 
The results obtained from the analysis of load test S2 and the Biot (1941) theory may 
now be used to estimate the degree of consolidation of the soft siltstone in load test S2. Using a 
cv = 473 m2/year, a time to completion of 15 hours for this particular load test, and a radius of 0.3 
m for the drilled shaft, we obtain a time factor (T) of 8.99 that gives a degree of consolidation of 
80% assuming that the interface between the drilled shaft and soft rock at the drilled shaft tip is 
impermeable. This indicates that drilled shaft load test S2 was drained for all practical purposes 
and is representative of the long-term foundation behavior under service loads. The same 
procedure is applied to all drilled shaft load tests in Appendix A. The results are shown in Figure 
9.24. The following conclusions are drawn: 
 
1. The water content of the rocks in the tip resistance database is estimated using a 
correlation proposed by Mesri and Gibala (1971) (i.e., w = −3.37ln(qu ) +8.35 , see 
Chapter 5 for discussion of this equation). 
2. The back-calculated coefficient of volume compressibility (mv) shown in Figure 9.24a is 
within the range that is often reported in the technical literature for soft rocks (e.g., 1.3 × 
10-6 to 3.5 × 10-6 m2/kN for weathered Sydney siltstone reported by Williams, 1980). 
3. The back-calculated coefficient of consolidation (cv) is between 10 to 500 m2/year (see 
Figure 9.24b that is also comparable with those reported by Williams, 1980). It must be 
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noted that the back-calculated values of cv are commonly larger than those determined in 
laboratory due to the presence of fissures and joints in the field that affect the 
permeability and compressibility of the rock mass. 
4. The method proposed by Davis and Poulos (1972) (see Figure 9.23, solution for 
impermeable top and permeable bottom, for T ≤ 0.058 use U = 1.914 × T0.2166 – 0.2524 
and for T > 0.058 use U = -0.05444 × T-0.639 + 1.102) is used to calculate the degree of 
consolidation of the soft rocks involved in the load tests in Appendix A. A time, t = 3 
hours, is assumed for the completion of each load test. Data presented in Figure 9.24c 
shows that the degree of consolidation decreases with increasing drilled shaft diameter. 
The degree of consolidation is commonly larger than 50% and thus the drilled shaft load 
tests in Appendix A are partially drained. 
 
9.7 Effect of Soft Rock Discontinuities on Tip Resistance 
The importance of the spacing and aperture thickness (i.e., degree of openness) of rock 
mass discontinuities (e.g., joints, bedding planes and faults) and the corresponding scale effect 
on the behavior of rock mass and on the bearing capacity of foundations on rock masses have 
been discussed in the technical literature (e.g., Barton and Choubey, 1977; Sowers, 1979; 
Kulhawy and Goodman, 1980; Goodman, 1980; Kulhawy and Goodman, 1987; Prakoso and 
Kulhawy; 2006; Turner et al., 2006). 
Different methods have been proposed for prediction of the rock mass discontinuity 
spacing when this rock mass parameter is not reported. Priest and Hudson (1976) proposed a 
relationship for prediction of the rock mass discontinuity frequency in 1 meter of mapped rock 
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core. The predictive model for rock discontinuity frequency (Λdiscont) is presented in Equation 9-
25 
 
RQD =100× e−0.1×Λdiscont × (0.1Λdiscont +1)        (9-25) 
 
where RQD is the rock quality designation and Λdiscont is discontinuity frequency per 1 meter of 
mapped rock mass. It is noted that the back-calculated discontinuity spacing for most cases is 
small. This is consistent with the fact that the accuracy of measured or estimated RQD in soft 
rock mass is questionable, is affected by drilling procedures and is often underestimated leading 
to back-calculated rock mass discontinuity spacing that are less than actual field values. 
Therefore, Equation 9-25 is not recommended for back-analysis of discontinuity spacing in soft 
rock masses. Paikowasky et al. (2010) used the method of Hoek (1983) (shown in Table 9.3) to 
predict the discontinuity spacing in the rock masses in their load test database. The method of 
Hoek (1983) uses the qualitative description of the rock mass or the rock mass rating (RMR) to 
give ranges for rock mass discontinuity spacing. This method, however, does not give an exact 
rock mass discontinuity spacing (S) and thus may not be used to predict S for use in development 
of predictive models for design purposes. 
Another important factor that has received significant attention in foundation engineering 
literature is the discontinuity aperture thickness (i.e., the degree of openness of an individual 
discontinuity). For example, Sowers (1979) proposed different modes of shear failure for shallow 
foundations on rock masses depending on whether the joints immediately underneath the 
foundation are open or closed (see Chapter 10). To investigate the importance of the 
discontinuity aperture thickness on the tip resistance of drilled shafts in soft rock masses, the 
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method proposed by Schneider (1967) as discussed by Goodman (1980) is used in this study to 
“infer” the openness condition of rock joints in tip resistance load test database (reported in 
Appendix A). For this purpose, the ratio of the initial normal stiffness (Kn) to the yield function 
(Γ) (proposed by Schneider, 1967 and defined in Figure 9.25 that is reproduced with 
modifications from Goodman, 1980) is used to infer the degree of openness of the rock 




           (9-26) 
 
where ω is the measure of rock mass discontinuity openness. The proposed ranges and 
corresponding interpretations of ω is shown in Table 9.4 (after Schneider, 1967; Goodman, 
1980). To study the effect of aperture thickness (i.e., joint openness) on bearing capacity, the tip 
resistance database is separated into cases where rock mass is believed to contain open and 
closed discontinuities based on the recommendations of Schneider (1967) and Goodman (1980) 
summarized in Table 9.4. The data for measured normal stiffness (Kn), yield pressure (qy), 
fracture initiation pressure (qf) and displacement to qf (zf) are summarized in Figures 9.26 to 
9.29, respectively. Examination of these figures illustrates that no trends can be observed for the 
effect of soft rock joint openness on the tip resistance of drilled shafts in soft rock masses. 
The discussions presented above suggest that the effect of spacing and openness of 
discontinuities in soft rock masses on tip resistance of drilled shafts in these geomaterials may 
not be as important as the effect of joints on the tip resistance of drilled shafts in strong rocks of 
similar composition. This same conclusion may be reached by examination of Figure 10.1 where 
the scatter in the relationship between qu and Em increases as qu increases. The interpretation of 
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this observation is that the behavior of softer rocks is more likely to be governed by the intact 
properties of rock blocks because most of the rock joints close with the passage of time 
following their formation in soft rocks. Moreover, the shear strength of the rock joints is not 
significantly different from the rock blocks in weathered and soft rock masses. This is another 
explanation for insignificant influence of jointing on the behavior of foundations on soft rock 
masses. The effect of rock mass discontinuities on the rock mass behavior is manifested as the 
compressive strength of the individual rock blocks increases in which case, the shear strength 
and the deformability of rock mass is governed by shear strength and deformational properties of 
its secondary structure. 
 
9.8 Effect of Depth of Embedment on Bearing Capacity 
Classical bearing capacity theories (e.g., Terzaghi, 1943; Meyerhof, 1963; Vesic, 1963; 
Hansen, 1970) assume that tip resistance depends on the depth of embedment of the foundation 
base measured from the ground surface. Zhang and Einstein (1998) showed, based on the 
analysis of 39 large and small (i.e., laboratory) scale drilled shaft load tests, that the tip resistance 
of drilled shafts is not significantly affected by the depth of embedment. Analysis using the 
Griffith fracture theory in this chapter also showed that the contribution of the initial effective 
overburden pressure (resulting from the embedment depth) to the overall confining pressure (σ'3) 
on the cracked zone (see Figure 9.3) at the onset of mobilization of yield and fracture initiation 
pressure is small. In the next paragraphs, the effect of depth of embedment on the tip resistance 
of drilled shafts is studied in more detail. 
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Terzaghi (1943) bearing capacity theory implies that the depth of embedment is 
important because of the assumed shape of the shear surface. The effect of depth on the bearing 
capacity in reference to Terzaghi (1943) theory may be explained as follows: 
 
1. The overburden soil has a buttressing effect. As can be seen in Figure 9.1, the proposed 
mechanism attempts to push the volume of soil confined within zones 2 and 3 out- and 
up-ward. This motion is counteracted by the weight of the soil that is present directly 
above the mobilized mechanism. This weight of soil is directly related to the depth 
embedment of the base of foundation. And thus the depth of embedment will affect the 
bearing capacity accordingly. Because a general shear failure does not generally 
materialize in the case of a deep foundation, the buttressing effect of the overburden soil 
is therefore minimized. 
2. The shear strength mobilized along the shear surface shown in Figure 9.1 that contributes 
to the bearing capacity of the foundation is directly related to the effective normal stress 
that acts on the mobilized log-spiral shear surface. Therefore an increase in depth of 
embedment will increase the effective stresses on the shear plane and thus will increase 
the shear strength that can be mobilized on this surface. This shear surface, however, 
does not fully mobilize in the case of drilled shafts in soft rock and therefore the 
aforementioned effect is minimized. 
3. The increase in compressibility of the soft rock mass due to weathering and softening as a 
result of geological processes results in large required horizontal soft rock mass 
compression (i.e., deformations) for full mobilization of passive pressure and 
development of failure mechanism that is shown in Figure 9.1. Such displacements are 
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not often permitted by the serviceability requirements for the superstructure. 
Accordingly, the state of plastic equilibrium and the failure mechanism shown in Figure 
9.1 will not form due to serviceability considerations and thus depth effects become 
insignificant. 
 
The analysis and study of the in situ drilled shaft load tests in soft rock mass (Appendix 
A) and the analysis presented in previous sections of this chapter (analysis based on Griffith 
theory), show that the depth of embedment changes the mode of failure of rock mass under the 
loaded area. However, the initial normal stiffness (Kn), yield pressure (qy) and interpreted failure 
stress (qf) and the depth of embedment were not strongly correlated. This suggests that the true 
(i.e., mobilized) shape of the failure surface in the majority of drilled shaft load tests in soft rock 
mass that are reviewed in this study significantly deviated from that proposed by Terzaghi (1943) 
(see Figures 9.9 to 9.18). Moreover, the mobilized tip displacements in most of the case records 
reviewed in Appendix A and Chapter 3 are not large enough and thus the passive pressure and 
passive wedge are very likely to have not been materialized underneath the foundation as shown 
in Figure 9.1. The effect of small horizontal displacements on the resulting shape of the failure 
mechanism was also noticed by Terzaghi (1943) who wrote “in practice the condition for general 
shear failure illustrated in Figure 9.1a are never completely satisfied, because the horizontal 
compression of the soil located immediately below the level of the base of the footing on both 
sides of the base is not great enough to produce the state of plastic equilibrium within the entire 
upper part of zone aef.” Therefore, one has to expect a partial failure surface. The deviation of 
the shape of failure mechanism (shear surface) from that assumed by Terzaghi (1943) classical 
bearing capacity mechanism has been observed by Williams (1980) for a series of load tests that 
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he performed on different types of foundations in Sydney siltstone. Some of these failure 
surfaces are shown in Figures 9.9 to 9.18. The following may be learned from review of 
Williams (1980) observations: 
 
1. Load test S2 had a diameter of 600 mm and was conducted on the ground surface in 
Sydney’s siltstone. Load test M19 had a diameter of 300 mm and was conducted in the 
same region on ground surface. The load test was carried to a load level where signs of a 
general shear failure were observed. Williams (1980) observed the formation of a full 
shear failure mechanism as that seen in Figure 9.1. 
2. Load test S4 had a diameter of 1000 mm and was conducted on the ground surface in 
Sydney’s siltstone. The load test was carried to a load level where signs of a general 
shear failure were observed. Williams (1980) observed the formation of a full bearing 
capacity mechanism as that seen in Figure 9.1. 
3. Load test S7 had a diameter 100 mm and an embedment depth of 250 mm from the top of 
rock. It was conducted in Sydney siltstone and was not carried to failure. Williams (1980) 
excavated the sides of the foundation after the completion of the load tests and observed 
“small areas of sub-vertical slickensided shear surfaces below the edge of the pile.” The 
shape of the q-z relationship can be found in Appendix A. Williams did not observe a 
failure surface similar to that shown in Figure 9.1 proposed by Terzaghi (1943) 
suggesting the close relationship between the load level, resulting foundation settlement 
and the shape of mobilized shear surface. These results also points to the possible effect 
of depth of embedment on the shape of mobilized failure mechanism as previously 
discussed by Vesic (1973). 
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4. Load test S9 had a diameter 300 mm and the depth of embedment was 2 m. The load test 
was conducted by Williams (1980) in Sydney siltstone. Williams excavated the site of the 
load tests, however, a failure mechanism was not observed “possibly because of the 
relatively small displacement.” This again ascertains the importance of load and 
displacement level on the shape and extent of the mobilized bearing capacity mechanism. 
5. Load test S10 had a diameter of 100 mm and a depth of embedment of 1000 mm. Load 
test S13 had a diameter of 100 mm and an embedment depth of 1520 mm. Load test S22 
had a diameter of 100 mm and embedment of 2200 mm in soft rock. Load test M7 had a 
diameter of 1 m and depth of embedment of 3 m. Load test M14 had a diameter of 100 
mm and embedment depth of 2 m. All tests were conducted in Sydney siltstone by 
Williams (1980). The q-z relationship for S10, S13, M7 and M14 can be found in 
Appendix A where a strength-hardening behavior is observed for each test. In excavation 
of the load test site after conclusion of the load tests by Williams (1980), vertical to sub-
vertical slickensided surfaces or shear surfaces that initiated from the edge of foundation 
and that generally were bent towards the center of the foundations were mobilized (i.e., 
shear surfaces had an inverted conical shape). Inspection of the q-z relationships 
pertaining to these particular load tests (Appendix A) and the failure mechanism observed 
for these cases clearly indicates that by the time that Kn, qy and qf are mobilized, a well 
defined shear surface similar to that suggested by Terzaghi (1943) (see Figure 9.1) will 
not materialize for foundations in soft rock masses. 
6. Load test S11 had a diameter of 300 mm, embedment depth in soft rock of 1000 mm and 
was conducted in Sydney siltstone by Williams (1980). The q-z relationship shows a 
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strength-hardening behavior and the excavation of the site after the conclusion of the test 
did not show a clear failure mechanism. 
7. Load test M13 had a diameter of 100 mm and a depth of embedment of 1000 mm. Load 
test M15 had a diameter of 100 mm and an embedment depth of 500 mm. Load test M16 
had a diameter of 100 mm and a depth of embedment of 300 mm. Load test M20 had a 
diameter of 300 mm and a depth of embedment 900. Load test M21 had a diameter of 
300 mm and an embedment depth of 1500 mm. Load test M8 was 660 in diameter and 
embedment was 2400 mm. All load tests were conducted in Sydney soft siltstone by 
Williams (1980). The q-z relationships for M13, M15, M21 and M8 are reported in 
Appendix A and all exhibit a strength-hardening behavior. The load test sites were 
excavated after the conclusion of the load test. Williams observed that the shear surface 
underneath the foundation consisted of sub-vertical shear surfaces that propagated from 
the edge and base of the foundation and a partially formed radial shear zone (see zone 2 
in Figure 9.1). 
 
The evaluation of the load tests by Williams (1980) suggests that for the loading stages 
and vertical tip of drilled shaft displacements that are of interest to this study (i.e., contact 
pressures less than interpreted failure pressure, qf), the formation of a complete shear surface 
such as that shown in Figure 9.1 is very unlikely and the three effects of embedment depth and 
resulting vertical stress, namely the buttressing effect, the contribution of the overburden stress 
(i.e., depth) to the mobilized passive pressure and the contribution of additional vertical stress to 
shear strength mobilized on shear surface will not manifest themselves in the mobilized tip 
contact pressures. 
724
The variation of back-calculated bearing capacity factor Nc with embedment ratio DGS/B 





           (9-27) 
 
where qf is the fracture initiation pressure and qu is the unconfined compressive strength of soft 
rock. The back-calculated bearing capacity factor in Figure 9.30a is compared with the 
relationship proposed by Skempton (1951) that was later adopted by Peck et al. (1974). The 





           (9-28) 
 
where ksp accounts for the effect of joint spacing and joints aperture (after Canadian 
Geotechnical Society, 1992). Ksp is defined as (after Canadian Geotechnical Society, 1992) 
 
Ksp =
3+ sv / B
10 1+ 300(t / sv )
         (9-29) 
 
where sv is the spacing of the vertical joints and t is the aperture or joint thickness (i.e., 
openness). The joint spacing in Equation 9-29 is assumed to be 300 mm and the joint aperture (t) 
is assumed to be 25 mm based on the recommendations of Reese et al. (2006) and rock mass 
conditions in the tip resistance database. The variation of the back-calculated bearing capacity 
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factor with embedment ratio DGS/B is compared with that proposed by the Canadian 
Geotechnical Society (1992) in Figure 9.30b. The data presented in Figure 9.30 do not support 
the trends proposed by Skempton (1951) and the Canadian Geotechnical Society (1992), at least 
in soft rock masses. Furthermore, no significant increase in back-calculated tip bearing capacity 
factor defined in Equations 9-27 and 9-28 can be observed that is in agreement with Zhang and 
Einstein (1998). These studies show that increase in the embedment depth does not significantly 
increase the bearing capacity. 
 
9.9 Concluding Remarks 
The drilled shaft and plate load tests and the behavior of the rock mass under the 
uniformly loaded areas are studied in this chapter. The following conclusions may be made: 
 
1. The expansion of cavity theory does not accurately predict the displacement-pressure 
relationship in the nonlinear range (at large displacements). 
2. The theories based on indentation hardness tests provide biased estimates of bearing 
pressure. 
3. The Griffith fracture theory (Griffith, 1921) provides reasonable estimates of the fracture 
initiation pressure (qf). Therefore, the failure mechanism may be explained by formation 
of cracks that are mainly parallel to the direction of the maximum principal stress (i.e., 
the foundation base pressure). Formation of cracks (i.e., vertical to sub-vertical) has been 
observed by Williams (1980). 
4. The rock under the drilled shaft tip is assumed to change into a completely crushed zone 
as suggested by the theories based on the indentation hardness tests and theories of 
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expansion of cavities within a brittle media. These two theories, however, do not provide 
reasonable predictions of the drilled shaft and plate load test results in soft rock masses. 
Therefore, the failure mechanism proposed by these theories (i.e., reduction of the rock 
mass under the foundation tip to a medium of completely crushed material) cannot 
precisely capture the actual failure mechanism for tip resistance of drilled shafts in soft 
rock masses and is in disparity with the field evidence. 
5. The back-calculated values of yield pressure (qy) generally plot below the Griffith failure 
envelope and thus do not cause initiation of the new cracks. However, the rapid change in 
the curvature of the q-z relationship suggests that significant changes in the structure of 
the rock mass takes place at the onset of mobilization of the yield pressure. 
6. The back-calculated values of the fracture initiation pressure (qf) are in agreement with 
the original and modified Griffith theories. Mobilization of qf will lead to generation and 
propagation of new cracks within the rock matrix under the drilled shaft tip that are 
principally parallel to the direction of maximum applied contact pressure and are 
separated by intact blocks of rock (Williams, 1980). 
7. Classical bearing capacity theories are based on a general shear failure mechanism. 
Williams (1980) observations showed that this mechanism is unlikely to develop under 
the drilled shaft tip. Therefore, such mechanisms do not introduce improvements over 
models based on expansion of cavities inside in a brittle media or indentation hardness 
tests, which are also based on failure mechanisms that do not fully materialize in the 
field. 
8. Analysis of the drilled shaft load tests using the theory of three-dimensional consolidation 
(e.g., Biot, 1941) shows that rock mass under the drilled shaft tip behaves as drained to 
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partially drained material. The degree of consolidation reduces as the diameter of the rock 
socket increases. 
9. Increase in depth of embedment results in change in mode of failure of rock mass from a 
general shear failure mechanism to a punching failure mode. The bearing capacity of 
foundations does not significantly improve as the depth of embedment increases because 















Values from laboratory tests 
Sandstone (Cretaceous flysch) 10-8 to 10-10 
Siltstone (Cretaceous flysch) 10-8 to 10-9 
Granite 5 × 10-11 to 2 × 10-10 
Slate 7 × 10-11 to 1.6×10-10 
Breccia 4.6 × 10-10 
Calcite 7 × 10-10 to 9.3 × 10-8 
Limestone 7 × 10-10 to 1.2 × 10-7 
Dolomite 4.6 × 10-9 to 1.2 × 10-8 
Sandstone 1.6 × 10-7 to 1.2 × 10-5 
Hard mudstone 6 × 10-7 to 2 × 10-6 
Black schist (fissured) 10-4 to 3 × 10-4 
Fine grained sandstone 2 × 10-7 
Oolitic rock 1.3 × 10-6 
Bradfort sandstone 2.2 × 10-5 to 6 × 10-7 
Glenrose sandstone 1.5 × 10-3 to 1.3 × 10-4 
Altered granite 0.6 to 1.5 × 10-5 
Values from in situ tests 
Arterite migmatites 3.3 × 10-3 
Chlortized arterites and shales 0.7 × 10-2 
Gneiss 1.2 × 10-3 to 1.9 × 10-3 
Pegmatoid granite 0.6 × 10-3 
Lignite layer 1.7 × 10-2 to 23.9 × 10-2 
Sandstone 10-2 
Mudstone 10-4 











Table 9.2 Coefficient of permeability of various rock materials and rock masses (after Davis 





k (cm/s) from laboratory tests 
 
k (cm/s) from in situ tests 
Sandstone 3 × 10-3 to 8 × 10-8 1 × 10-3 to 3 × 10-8 
Navajo sandstone 2 × 10-3  
Berea sandstone 4 × 10-5  
Greywacke 3.2 × 10-8  
Shale 10-9 to 5 × 10-13 10-8 to 10-11 
Pierre shale 5 × 10-12 2 × 10-9 to 5 × 10-11 
Limestone, dolomite 10-5 to 10-13 10-3 to 10-7 
Salem limestone 2 × 10-6  
Basalt 10-12 10-2 to 10-7 
Granite 10-7 to 10-11 10-4 to 10-9 
Schist 10-8 2 × 10-7 








Table 9.3 Method of Hoek (1983) for prediction of the rock mass discontinuity spacing 
(table reproduced from Hoek, 1983) 
Empirical failure criterion 
σ1
' = σ3
' + m × qu × σ3
' + s× qu
2  
σ'1 = major principal stress 
σ'3 = minor principal stress 
qu = unconfined compressive strength 
















































































































































































































































In tact rock samples, laboratory size samples 
free from pre-existing fractures 
RMR = 100 
m = 7 
s = 1 
m = 10 
s = 1 
m = 15 
s = 1 
m = 17 
s = 1 
m = 25 
s = 1 
 
Very good quality rock mass, tightly 
interlocking undisturbed rock with rough 
unweathered joints spaced at 1 to 3 m 
RMR = 85 
 
m = 3.5 
s = 0.1 
 
m = 5 
s = 0.1 
 
m = 7.5 
s = 0.1 
 
m = 8.5 
s = 0.1 
 
m = 12.5 
s = 0.1 
 
Good quality rock mass, fresh to slightly 
weathered rock, slightly disturbed with joints 
spaced with at 1 to 3 m 
RMR = 65 
 
m = 0.7 
s = 0.004 
 
m = 1 
s = 0.004 
 
m = 1.5 
s = 0.004 
 
m = 1.7 
s = 0.004 
 
m = 2.5 
s = 0.004 
 
Fair quality rock mass, several sets of 
moderately weathered joints spaced at 0.3 to 1 
m, disturbed 
RMR = 44 
 
m = 0.14 
s = 10-4 
 
m = 0.2 
s = 10-4 
 
m = 0.3 
s = 10-4 
 
m = 0.34 
s = 10-4 
 
m = 0.5 
s = 10-4 
 
Poor quality rock mass, numerous weathered 
joints at 30 to 500 mm with some gouge, clean 
compacted rock fill 
RMR = 23 
 
m = 0.04 
s = 10-5 
 
m = 0.05 
s = 10-5 
 
m = 0.08 
s = 10-5 
 
m = 0.09 
s = 10-5 
 
m = 0.13 
s = 10-5 
 
Very poor quality rock mass, numerous 
heavily weathered joints spaced at 50 mm with 
gouge, waste rock 
RMR = 3 
 
m = 0.007 
s = 0 
 
m = 0.01 
s = 0 
 
m = 0.015 
s = 0 
 
m = 0.017 
s = 0 
 
m = 0.025 












Table 9.4 Definitions of compact rock, moderately open and very open aperture thickness 
(after Schneider, 1967; Goodman, 1980) 
Class Kn/Γ 
Compact rock < 2 
Moderately open 2 to 10 










Figure 9.1 The Terzaghi (1943) general shear failure mechanism for long shallow 









Figure 9.2 Failure mechanism proposed by Reichmuth (1962) and Ladanyi (1966) for 
describing the failure mechanism under a loaded area in rock (figure reproduced 

















Figure 9.3 Assumed rock condition under the drilled shaft tip after the mobilization of 






 zone Weathered rock
(Uncracked zone)





















Figure 9.4 Comparison of different theories with the back-calculated yield pressure (qy). All 






Figure 9.5 Comparison of different theories with the back-calculated fracture initiation 














Figure 9.6 Typical q-z relationship, description of Zones 1, 2 and 3, yield pressure and 
Terzaghi (1943) and Hirany (1988) definition of “interpreted” failure (data from 




Figure 9.7 Comparison of the back-calculated yield pressure (qy) with predictions of original 
and modified Griffith theories. All data are from published literature and are 




Figure 9.8 Comparison of the back-calculated fracture initiation pressure (qf) with 
predictions of original and modified Griffith theories. All data are from published 










Figure 9.9 Observed shear failure mechanism for drilled shaft load test S10: diameter is 100 







Figure 9.10 Observed shear failure mechanism for drilled shaft load test S13: diameter is 100 







Figure 9.11 Observed shear failure mechanism for drilled shaft load test M7: diameter is 1000 







Figure 9.12 Observed shear failure mechanism for drilled shaft load test M13: diameter is 100 







Figure 9.13 Observed shear failure mechanism for drilled shaft load test M14: diameter is 100 







Figure 9.14 Observed shear failure mechanism for drilled shaft load test M15: diameter is 100 







Figure 9.15 Observed shear failure mechanism for drilled shaft load test M16: diameter is 100 







Figure 9.16 Observed shear failure mechanism for drilled shaft load test M20: diameter is 300 







Figure 9.17 Observed shear failure mechanism for drilled shaft load test M21: diameter is 300 







Figure 9.18 Observed shear failure mechanism for drilled shaft load test M8: diameter is 660 





Figure 9.19 Proposed shear surface for limit equilibrium analysis for tip resistance of drilled 
shafts in soft rock mass. The proposed shear surface is based on the observed 
shear surfaces for deep foundations in soft Sydney siltstone by Williams (1980) 







Figure 9.20 Back-calculated mobilized K using the assumed failure mechanism explained in 
the text and shown in Figure 9-19 (all data from published literature. Data are 








Figure 9.21 Biot (1941) solution for the variation of the degree of consolidation (U) with time 
factor (T) for center of uniformly loaded circular area, impermeable surface, 








Figure 9.22 Biot (1941) solution for the variation of the degree of consolidation (U) with time 
factor (T) for center of uniformly loaded circular area, permeable surface, infinite 








Figure 9.23 Poulos and Davis (1972) solution for the variation of the degree of consolidation 






Figure 9.24 Back-calculated coefficient of volume compressibility (mv), back-calculated 
coefficient of consolidation (cv) and calculated degree of consolidation (U). All 

















Figure 9.26 Variation of normal stiffness with unconfined compressive strength and the effect 








Figure 9.27 Variation of yield pressure with unconfined compressive strength and the effect of 









Figure 9.28 Variation of fracture initiation pressure with unconfined compressive strength and 
the effect of aperture thickness (see Appendix A for data and references. All data 








Figure 9.29 Variation of displacement required for mobilization of fracture initiation pressure 
with unconfined compressive strength and the effect of aperture thickness (see 





Figure 9.30 Variation of the back-calculated bearing capacity factor with embedment depth 
bearing capacity factor proposed by Skempton (1951) and Canadian Geotechnical 





Figure 9.31 Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and are 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 




Figure 9.31 (cont.) Comparison of Ladanyi (1966) with back-calculated q-z relationships. All data are from published literature and 
are reported in Appendix A. 
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TIP RESISTANCE OF ROCK SOCKETS IN SOFT ROCK MASS: DESIGN 
 
10.1 Introduction 
It is shown in Chapter 2 that the existing predictive models are often empirically derived 
using the results of field axial load tests on drilled shafts or in some occasions, using the results 
of laboratory small scale drilled shaft load test data (e.g., Bishnoi, 1968; Vesic, 1973; Peck et al., 
1974; Peck, 1976; Rowe and Armitage, 1987; Carter and Kulhawy, 1988; ARGEMA, 1992; 
Zhang, 1997; Abu-Hejleh and Attwooll, 2005; Stark et al., 2013; Lee et al., 2013; Vu, 2013). 
Only a small fraction of these studies is focused on the understanding of axial behavior, and in 
particular the tip resistance of drilled shafts in soft rocks (e.g., Rowe and Armitage, 1987; Zhang, 
1997; Zhang and Einstein, 1998; Stark et al., 2013; Vu, 2013). Some investigators, however, 
have used theoretical or numerical methods to explain the experimental results and to formulate 
bearing capacity equations for foundations on or in soils and rock masses (e.g., Terzaghi, 1943; 
Teng, 1962; Coates, 1967; Sowers, 1979; Couetdic and Barron, 1975; Kulhawy and Goodman, 
1987; Terzaghi et al., 1996; Serrano and Olalla, 2002a and 2002b). These methods have been 
reviewed in the technical literature by Couetdic and Barron (1975), Bell (1987), Zhang and 
Einstein (1998), Turner et al. (2006), Paikowsky et al. (2010) and by the Author in Chapter 2 of 
this thesis. While empirical and theoretical studies have contributed to the understanding of tip 
resistance of drilled shafts in soft rocks, some limitations of the existing databases and design 
methods should be noted: 
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1. Unconfined compressive strength (qu) of rock specimens extracted from boreholes 
adjacent to the tip of drilled shaft load tests in the existing databases (e.g., Zhang and 
Einstein, 1998; Paikowsky et al., 2010; Tajeri et al., 2015) often exceeds 30 MPa that has 
been defined (Coates, 1964; Coates and Parsons, 1966; Deere and Miller, 1967; Barton et 
al., 1978; Cepeda-Diaz, 1987; Rowe and Armitage, 1987; Kanji, 2014) as the upper 
bound for soft rock compressive strength. This means that existing load test databases 
include load tests conducted on both soft and strong rocks. Research (e.g., Goodman, 
1980; Jizba, 1991) shows that compressibility and deformational properties of rocks are 
affected by the compressive strength, textural features, degree of cementation and 
porosity of the rock material. The mode of failure mobilized under foundations is also 
known to depend, among other factors, on the compressibility of the geomaterials 
(Meyerhof, 1950; Vesic, 1963; Ladanyi, 1972; Vesic, 1973). Because the said rock 
properties (i.e., compressive strength, textural features, degree of cementation and 
porosity) are different for strong and soft rocks, the compressibility of soft rocks is 
expected to be different from that of strong rocks and thus their behavior under applied 
loads due to foundations is expected to be different from that of fresh and unweathered 
rocks. In other words, the mode of failure of drilled shafts in soft and strong rocks is 
different. Therefore, databases that include strong rocks are of limited applicability for 
development of predictive models for tip resistance of drilled shaft in soft rock. 
2. Existing databases (with exception of Paikowsky et al., 2010 that was developed for the 
study of shallow foundations on rock masses) often include a limited number of axial 
load tests (drilled shaft or plate load tests) in soft rocks. The accuracy of estimation of the 
model parameters (Θ) in any regression analysis (see discussion of Chapter 8 or Gardoni 
790
et al., 2002) is dependent upon the number of drilled shaft load test results that are used 
to estimate the model parameters, Θ (Gardoni et al., 2002). Small databases lead to 
inaccurate estimates of model parameters (Θ). 
3. The number of load tests in a drilled shaft load test database affects the results of the 
regression analysis and the mathematical functions that are used to develop the predictive 
models for tip resistance. Often, a small database does not provide a clear trend between 
independent and dependent variables and the presence of outliers in such databases may 
remain unnoticed, resulting in conclusions appropriate only for the limited databases. 
4. The in situ properties of rock mass (e.g., drained rock mass friction angle, φ'm, drained 
rock mass cohesion intercept, c'm, and rock mass modulus of deformation, Em) are rarely 
specified in the existing databases. The rock mass is known to consist of blocks of more 
or less intact material separated by discontinuity surfaces (e.g., joints, stratifications, 
schistosity planes and faults) (Hoek, 1983; Serafim and Pereira, 1983). The collective 
response of the system of intact rock blocks and the discontinuities to external stresses (or 
loads) defines the behavior of the rock mass and thus the behavior of any foundation 
constructed on and/or in it. Therefore, characterization of the rock mass using only intact 
rock material properties (e.g., qu) is questionable and may be insufficient. It must, 
however, be noted that the effects of presence of secondary structure in soft rocks is not 
as significant as its presence in stronger rock masses but its effects must not be ignored 
when foundations are designed in soft rocks. 
5. It is noted that the mode of failure for a given foundation that is subjected to axial loads 
(i.e., general shear failure, local shear failure and punching shear failure) is closely 
related to the initial (pre-loading) compressibility of the geomaterial (Vesic, 1963; 
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Ladanyi, 1972; Vesic, 1973) and the depth of embedment of the foundation. Weathering 
(physical and chemical), erosion, swelling, increase in the water content and the 
subsequent softening (Mesri et al., 1978; Cepeda-Diaz, 1987; Mesri and Shahien, 2003) 
alter the structure of rock mass. Such processes increase the in situ porosity and the 
compressibility (Sowers, 1976) of soft rocks compared to the associated unweathered 
parent rock materials. It is therefore expected that the mode of failure that is seen in a 
foundation in soft rock mass should be different from that seen for the same foundation in 
a matrix of a fresh rock formation. Therefore, to capture the weathering induced changes 
in structure and compressibility of the soft rock mass and its effects on the mode of 
failure underneath the drilled shaft tip, the in situ engineering properties of the rock mass 
are more appropriate to use than those of the intact rock material. This is because the 
reduction in density and increase in compressibility are reflected in the “reduced” in situ 
rock mass properties. 
6. Small-scale drilled shaft load tests that are performed in the laboratory (e.g., centrifuge 
tests by Leung and Ko, 1993) are often used to study foundation behavior. These load 
tests are not representative of a typical rock socketed drilled shaft foundation. This is 
because construction method heavily affects the drilled shaft axial resistance (Brown et 
al., 2010). Small-scale laboratory drilled shaft load tests, however, do not reflect the 
effect of procedures used in construction of a production drilled shaft. Additionally, 
synthetic rocks which are commonly used in laboratory model load tests are not 
representative of the actual rock mass because the natural discontinuities and other 
weathering induced alterations in the structure of natural soft rock masses can not be 
properly reproduced in the laboratory. Therefore, the compressibility of the synthetic and 
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real rocks is different and thus the mode of failure in the laboratory and in the field for 
identical foundations could be significantly different. Moreover, the state of stress in the 
immediate vicinity of the foundation base in the field is different from those in the 
calibration chambers and may not be easily reproduced (Bloomquist et al., 2007). 
7. The load test results (i.e., measured tip resistance and associated vertical displacements) 
reported in the existing databases (e.g., Zhang and Einstein, 1998; Stark et al., 2013) are 
not interpreted consistently (Zhang, 2004). Therefore, the reported tip resistance values 
within each database do not correspond to the same rock mass failure stage. This 
inconsistency in interpretation of the results of axial load tests increases the scatter in 
these databases. This scatter will i) mask the true behavior of drilled shafts in soft rocks, 
and ii) results in development of inaccurate resistance factors (φ) when a Load and 
Resistance Factor Design (LRFD) framework is used. 
8. Settlement predictive methods are mostly based on the linear elastic solutions (e.g., Seo 
and Prezzi, 2008) and seldom account for other contributions (i.e., non-linear and plastic 
behavior) to the stress-displacement behavior of soft rock due to the “presence of 
fissures, fractures, bedding planes and clays with plastic properties” (Goodman, 1980). 
9. Methods based on the limit equilibrium analysis may lead to unrealistic results. This is 
because limit equilibrium approach commonly assumes a shape for the shear surface 
(e.g., Terzaghi, 1943; Sowers 1976, 1979) under the tip of the drilled shaft (see 
discussions in Chapter 9) that commonly does not resemble the true shape of the failure 
surface that is mobilized in the field and at service conditions. While these failure 
mechanisms may be applicable to soils, they are not generally representative (Ladanyi, 
1972) of local shear failure mechanism and subsequent formation of truncated cones 
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under the tip of drilled shafts in soft rocks (Williams, 1980; Johnston and Choi, 1985). 
Serrano and Olalla (2002a; 2002b) developed a method based on limit equilibrium 
approach that overestimates the ultimate bearing capacity of the drilled shafts in soft 
rock. Review of other methods that are based on limit equilibrium in Chapter 6, however, 
shows that they are commonly conservative (i.e., λ > 1 where λ is the bias factor). 
Furthermore, limit equilibrium methods assume that soil underneath the foundation is in a 
state of plastic equilibrium and use a fully developed passive wedge in their analysis 
(e.g., Terzaghi, 1943). Field load tests by Williams (1980) and laboratory indentation 
tests by Ladanyi (1972) have shown this assumption to be inaccurate. Terzaghi (1943) 
has also indicated that mobilization of the full passive wedge in real soils is highly 
unlikely due to insufficient horizontal soil compressions underneath the foundations 
subject to service loads. 
10. The degree of consolidation in the rock mass under the drilled shaft tip (or any loaded 
area) in the existing databases is often not known. Therefore, it is not readily known 
whether drained or undrained rock parameters should be used in the development of 
predictive models. 
11. The effect of embedment of the tip of drilled shaft on the behavior of rock mass and the 
mobilized tip resistance is not well understood. 
12. Deterministic models are not generally suitable for reliability analysis and thus the 
resistance factors (φ) obtained using deterministic models do not fully account for all 
sources of uncertainty. Loehr et al. (2012) showed that the actual resistance factors for 
drilled shafts in IGMs (intermediate geomaterials) may be lower than proposed values by 
AASHTO had the uncertainty in rock mass properties and those of the model parameters 
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been considered properly. The reliability analysis presented in Chapter 12 and the 
resulting resistance factors are in agreement with the conclusions of Loehr et al. (2012). 
 
The limitations of the existing design methods and drilled shaft load test databases call 
for development of more comprehensive databases and design models. A comprehensive review 
of the technical literature is conducted and a database for tip resistance of drilled shafts in soft 
sedimentary rock is developed and summarized in Appendix A. This database includes the 
results of 190 case records from the axial drilled shaft load tests and some plate load tests in soft 
rocks. These load tests are briefly discussed in Chapter 3. The database is used to evaluate the 
current tip resistance models in Chapter 6 and is used in Chapter 9 to study the behavior of soft 
rock under the loaded area in drilled shaft and plate load tests. This chapter addresses the 
followings: 
 
1. The tip resistance database is discussed in more detail. 
2. A Limit State Design (LSD) framework is adopted. Two limit states are addressed, 
namely ultimate (i.e., strength) and serviceability limit states. Predictive equations are 
proposed for evaluation of the strength limit state. A predictive model for pressure-
displacement (q-z) relationship for rock mass under the drilled shaft tip is introduced for 
serviceability limit state evaluation. 
3. The load test database is used to develop the design equations for evaluation of the 
strength and serviceability limit states. These design models include equations for 
prediction of initial normal stiffness (Kn) of rock mass under the drilled shaft tip that is 
needed for serviceability limit state evaluation, yield pressure (qy) for the rock mass 
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under the drilled shaft tip that is needed for evaluation of strength and serviceability limit 
states and the interpreted failure pressure (or fracture initiation pressure, see Chapter 9) 
(qf) that is needed for strength limit state evaluation. The tip resistance database is used to 
investigate the correlation between Kn, qy and qf with the soft rock properties and drilled 
shaft characteristics. 
4. The approach proposed by Gardoni et al. (2002) for regression analysis is used to develop 
the equations for Kn, qy and qf. These equations account for the uncertainty in the model 
parameters and the overall model standard deviation. Therefore, these models are 
probabilistic. These models are used in Chapter 12 for calibration of LRFD strength 
reducing factors (i.e., resistance factors) for use in a probabilistic limit state design 
(PLSD) framework. 
 
10.2 The Tip Resistance Database 
Limitations of existing databases (see Abu-Hejleh et al., 2015 for a summary of existing 
databases) are discussed in the previous section of this chapter. To address these limitations, the 
available drilled shaft load test results are reevaluated and a database of 190 drilled shaft and 
plate load tests in soft rocks is compiled that is described in Chapter 3 and Appendix A. This 
database includes load tests in which tip resistance of drilled shafts and plate load tests in soft 
rocks is back-calculated. The database includes a wide range of soft rocks and load test set up 
properties that allows for a comprehensive study of the effects of different factors on the tip 
resistance of drilled shafts in soft rock. The database is summarized in Table 10.1 and is 
discussed below in more detail: 
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1. Tip pressure-displacement (q-z) relationship: q-z relationships for the conventional 
drilled shaft load tests (i.e., load tests where the axial load is applied to the top of the 
drilled shaft, also referred to as top-loaded drilled shaft load tests) are back-calculated 
using the measured top of drilled shaft load-displacement data and the load-distribution 
versus depth measurements for each load increment applied to the top of the drilled shaft 
at the ground surface. The q-z relationships for plate load tests and Osterberg load tests 
are developed based on the direct measurements of the load cells placed near the tip of 
drilled shaft in Osterberg load tests or plates in plate load tests. The elastic compression 
of the test shaft is considered in the analysis of conventional (i.e., top-loaded) drilled 
shaft load tests. The following procedure is used in the development of the q-z 
relationships for drilled shafts and plate load tests: i) the load transferred to the tip of 
drilled shafts in axial drilled shaft load tests or the load at the interface of the metal plate 
and soft rock in plate load tests and Osterberg (O-cell) load tests is calculated from the 
measurements made by load cells or from measurements of strain gauges, ii) the 
mobilized base load (Q) at each stage of the load test is divided by the drilled shaft tip 
area or the plate area (in plate or O-cell load tests) to obtain an average contact pressure 
(q) at the tip of drilled holes, and iii) for the conventional drilled shaft load tests, the top 
of the shaft displacement at the ground surface for each load increment is determined 
from load test measurements and the value of shaft elastic compression (ΔL = PL/AEc or 





∫ dx , where ΔL is the elastic compression, L is the 
length of the shaft, P is the load at the top of drilled shaft, A(x) is the cross-sectional area 
if it changes along the length of the drilled shaft, p(x) is the load in the drilled shaft as a 
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function of depth, x, and Ec is the modulus of elasticity of concrete that was either 
measured from the results of uniaxial compression tests on representative concrete 
cylinders or estimated using the provisions of ACI 318-14 code or Wight, 2016) is 
calculated based on the drilled shaft material properties and geometry; the difference 
between the total and elastic displacements is then calculated that represents the net value 
of displacement (z) at the tip of drilled shaft. In plate load tests and O-cell tests (when the 
load cells are in direct contact with rock mass), the measured displacements represent the 
net displacements. This procedure is repeated for each load increment in each load test. 
The resulting q-z relationships are included in Appendix A. 
2. The q-z relationships in drilled shaft and plate load tests (see Appendix A) are generally 
nonlinear. They often do not show any sign of plastic flow in soft rocks even at large 
values of tip displacement (e.g., displacements on the order of 5% to 30% of the diameter 
of the loaded area). This is due to the increase in the lateral pressure in the vicinity of the 
foundation base that results in the mobilization of pressures that are equivalent to the 
brittle-to-ductile transition pressure at which point rock exhibits a strength hardening 
behavior (see Chapter 9). Strength hardening behavior is observed in most q-z 
relationships studied herein. 
3. Unlike the concave upward curvature that is often observed in the initial portion of 
pressure-displacement relationships in the case of fractured rock on first loading that is 
due to “fracture closing and stiffening at low loads” (Goodman, 1980), the initial portion 
of these q-z relationships reviewed herein is often not concave upward. This is because 
joints in soft rocks are often closed due to weathering and thus minimal joint closure will 
take place in the initial stages of the loading. The concave upward curvature may also be 
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observed when a clean contact does not exist between the tip of drilled shaft or plate in a 
plate load test and the rock mass. 
4. Modulus of deformation of rock mass: the modulus of deformation of rock mass (Em) 
controls the deformations of the drilled shaft at service loads. It represents the condition 
of discontinuities (Priest and Hudson, 1976; Kulhawy, 1978) and it reflects the 
weathering state of the rock mass and degree of alteration of the joints and fissures. The 
mineralogy and texture of the rock mass, however, appear to be of secondary importance 
in the evaluation of Em. The modulus of deformation of rock mass (Em) is back-calculated 
using the elastic theory (Pells and Turner, 1979) and the back-calculated q-z relationships 
for each load test. Alternatively, the modulus of deformation of rock mass may be 
estimated using a linear model of Em as a function of qu (Figure 10-1). This model is 
developed using back-calculated Em values from i) the results of in situ plate load tests 
reported by Chern et al. (2004) for soft rocks in China and Taiwan and ii) back-analysis 
of t-z and q-z relationships from 317 and 190 drilled shaft axial load tests, respectively 
(reported in Appendices A and B) that are collected from load tests in the United States, 
Puerto Rico, Canada, Australia, South Africa, Italy, United Kingdom and Singapore. This 
linear model is superposed on the data in Figure 10.1 and may be expressed in equation 
form as follows 
 
Em =150 × qu
1.1          (10-1) 
 
where Em and qu are in units of MPa. It is noted that other investigators (e.g., Hoek and 
Brown, 1998; Mackiewicz and Rippe, 2010 and the methods summarized by Hoek and 
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Diederichs, 2006; Pells et al., 2017) have proposed relationships between modulus of 
deformation of rock mass (Em) and the properties of the rock mass (e.g., RMR, Q or GSI) 
and intact properties of intact rock material (e.g., qu). However, the required information 
for the use of these predictive models is not readily available in the drilled shaft load test 
databases reviewed in this report and are not commonly collected in a routine program of 
subsurface characterization for a proposed drilled shaft for a bridge structure or similar 
buildings. Thus, these methods have limited applicability for estimation of Em for the 
rock masses. Moreover, the evaluation of the variation of Em with GSI (Hoek and 
Diederichs, 2006) for a large number of cases reveals a similar degree of scatter as that of 
a relationship between Em and qu and thus indicates that the predictive capacity of models 
for Em has not been improved significantly by the addition of rock mass rating systems in 
these models. This is also shown quantitatively in Chapter 5 by comparing the predictions 
of Em predictive models based on rock mass properties (Q, RMR and GSI) with measured 
Em values from plate load tests. These analyses show that not much improvement may be 
gained by using the more sophisticated models that incorporate the rock mass properties 
as independent variables in their formulation. A qualitative review of Figure 10.1 also 
shows that the scatter of the data increases with increase in the unconfined compressive 
strength (qu), indicating a decreased dependence of Em on the properties of the secondary 
structure of the rock mass at lower qu values. This is because as the rock becomes 
stronger, the shear strength of rock joints and other rock mass properties on the overall 
deformational properties of the rock mass dominates the behavior and thus increase in the 
scatter in Figure 10.1 indicates that at larger qu values, other variables (e.g., factors 
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indicating joint condition and perhaps spacing) may be required in addition to qu to 
accurately predict Em. 
5. Back-analysis of GSI: the back-calculated rock mass modulus of deformation (Em) in 
each load test (see Appendix A) and Hoek and Diederichs (2006) method are used to 
estimate the Geological Strength Index (GSI) for rock masses in each load test case 
record. Hoek and Diederichs (2006) correlation is evaluated in Figure 10.2 using data for 
Rock Mass Rating (RMR) and Em that are collected from Bieniawski (1978), Serafim and 
Pereira (1983), Stephens and Banks (1989) and Chern et al. (2004). GSI values in Figure 
10.2 are obtained by converting RMR values following the guidelines of Hoek and 
Brown (1997) and recommendations of Masada and Han (2013) and Pells et al. (2017), 
which are discussed in Chapter 5. 
6. Rock mass friction angle and cohesion intercept: drained friction angle (φ'm) and cohesion 
intercept (c'm) for the rock mass are estimated based on i) the predicted Geological 
Strength Index (GSI) that accounts for the degree of weathering of the rock mass, 
blockiness of the rock mass and alteration of rocks at each load test site, ii) material 
constant (mi) that relates to the type and texture of rock and frictional characteristics of 
rock minerals based on values reported in Hoek (1983), Doruk (1991) and Marinos and 
Hoek (2001) and iii) the method of Hoek and Brown (1997) for estimation of φ'm and c'm. 
The predicted values of φ'm and c'm are not sensitive to mi (Marinos and Hoek, 2001) and 
thus estimation of mi using only qualitative description of the rock (see Chapter 5) is 
considered sufficient, especially for the sedimentary and metamorphic rocks in the tip 
resistance database. The drained parameters are used because the analysis presented in 
Chapter 9 (using the theory of three-dimensional consolidation of Biot, 1941) shows that 
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for all practical purposes, most of the drilled shaft load tests were conducted under 
drained to partially drained conditions. The predicted in situ values of φ'm and c'm are 
summarized in Table 10.1. The predicted values of φ'm from the procedure outlined above 
fall within the range of fully softened friction angle reported by Terzaghi et al. (1996) 
method for stiff clays and soft rocks. The estimated rock mass friction angles in this study 
are generally comparable with the range of friction angles (i.e., 15 to 38 degrees) back-
calculated from the analysis of the field instabilities by Mesri and Abdel-Ghaffar (1993) 
for stiff clays. The estimated rock mass cohesion intercept (i.e., 0.33 < c'm < 625 kPa, 
c'm,avg = 68.1 kPa), however, is generally larger than the range of mobilized values of 0 to 
26 kPa reported by Mesri and Abdel-Ghaffar (1993). This is expected to be a result of 
higher degrees of induration that exist in the rock masses reported in Appendix A. 
Williams (1980) reported drained friction angles in the range of 27° to 42° and cohesion 
intercepts of 0.13 to 1.2 MPa for the weathered Sydney Siltstone; the estimated c'm and 
φ'm in this study are in agreement with those reported by Williams (1980). The estimated 
friction angles are also in good agreement with measured range of 19° (residual) to 29° 
(peak) for Pennsylvanian shale that is reported by Mesri and Gibala (1971). The ranges of 
the rock mass friction angle and cohesion intercept estimated for the case histories in this 
study are in good agreement with the range of friction angle (20 to 30 degrees) and 
cohesion intercept (less than 0.1 MPa) for the fissured London clay that is reported by 
Terzaghi et al. (1996). Marachi et al. (1972) and Terzaghi et al. (1996) reported rockfill 
friction angles for basalt, argillite, shale and granitic gneiss that range from 25 to 40 
degrees. The estimated rock mass friction angles by the Author for soft rocks in 
Appendix A are in good agreement with those reported by Marachi et al. (1972). The 
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estimated rock mass friction angles are compared with those of rockfills because Barton 
(2008) showed that similarities exist in peak shear strength of rock joints (that control the 
shear strength of rock mass) and rockfills. The estimated friction angles fall within a 
range of 4 to 32 degrees cited by Townsend and Gilbert (1974) for the residual friction 
angles of Lisman formation shales, Dawson shale, Cucaracha shale, Sabana shale and Rio 
Salado shale. The rock types that are present in the tip resistance database (i.e., Appendix 
A) are analogues to Rockfill Grade E (qu < 85 MPa) (after Terzaghi et al., 1996) and the 
predicted values of the rock mass friction angle (φ'm) herein are also in agreement with 
friction angle range of 28 to 44 degrees that is reported by Terzaghi et al. (1996) for 
rockfill grade E. The rock mass friction angle (φ'm) in this study are also in agreement 
with the typical values of friction angle reported by Goodman (1980): 27.8° for Berea 
sandstone, 37.2° for Bartlesville sandstone, 45.2° for Pottsville sandstone, 32.1° for 
Repetto siltstone, 14.4° for Muddy shale, 22° for Stockton shale, 7.5° for Edmonton 
bentonitic shale, 34.8° for Wolf Camp limestone, 42° for Indiana limestone, 35.5° for 
Hasmark dolomite and 31.5° for Chalk. The porosity for the rocks cited by Goodman 
(1980) range from 3.5 to 44%. Dobereiner and Freitas (1986) reported friction angle of 
36° and cohesion intercept of 1.5 MPa for Kidderminster sandstone. Kulhawy and 
Goodman (1987) provides typical ranges for the rock mass friction angle and cohesion 
intercept. For rock masses with Rock Quality Designation, RQD ≤ 70, Kulhawy and 
Goodman (1987) suggests that the cohesion intercept should be less than 10% of the 
unconfined compressive strength (qu) and that the friction angle is less than 30 degrees. 
For RQD > 70, the friction angle is between 30 and 60 degrees and the cohesion intercept 
is less than 10% of the qu. Review of the estimated rock mass friction angles and 
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cohesion intercepts indicates that these (see Table 10.1 for the ranges of estimated rock 
mass friction angle and cohesion intercept in the tip resistance database) are within the 
ranges suggested by Kulhawy and Goodman (1987) and those suggested by other 
investigators. Review of the estimated friction angles suggests a typical range of 20 to 30 
degrees. The variability and significant reduction of the cohesion intercept of the 
weathered rock mass that is often encountered at shallow depths in the tip resistance case 
histories compared to that of intact rock (typical values provides by Goodman, 1980) is in 
agreement with Terzaghi et al. (1996) that states “for fissured clays, the difference in the 
degree of fissuration is mainly reflected in the magnitude of the cohesion intercept c'.” 
Therefore, the great variability in the estimated cohesion intercept is an indication of the 
great variability in the weathering state of rock masses used that are reported in the load 
test database of Appendix A. 
7. Poisson’s ratio: an average value for Poisson’s ratio (ν) of 0.3 is used for soft rock in this 
thesis. This value is selected based on the recommendations of Kulhawy (1978) (see 
Chapter 5) and the data shown in Figure 10.3 that is obtained from Chern et al. (2004) 
(reported in Appendix D). A more refined value of Poisson’s ratio may be obtained from 
the trend line shown in Figure 10.3. 
8. Measured tip resistance: the L1-L2 approach (Hirany, 1988) and recommendations of 
Terzaghi (1943) are used to determine the values of qy (i.e., initial yield pressure that is 
analogous to Hirany’s q1 pressure) and qf (i.e., interpreted failure pressure or fracture 
initiation pressure as per discussions in Chapter 9 that is analogous to Hirany’s q2 
pressure or definition of Terzaghi, 1943 for the failure pressure for foundations that 
experience punching or local shear failure). These are shown graphically in Figure 10.4. 
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When actual plunging failure is achieved, this actual plunging tip pressure is also 
reported. The method of Hirany (1988) (i.e., Figure 10.4) is used to consistently interpret 
the load tests in the tip resistance database and to obtain values of qy and qf for each case 
record. This approach is expected to reduce some of the scatter in this database compared 
to existing databases because qy and qf are determined for all cases in a consistent 
manner. 
9. Initial normal stiffness (Kn): the initial normal stiffness is defined herein as the slope of 
the tangent line to the initial portion of q-z relationship. With reference to Figure 10.4, Kn 
is the slope of initial tangent. The initial normal stiffness (Kn) is a property of the soft 
rock mass/drilled shaft system, it controls the deformation of the drilled shaft tip at 
service load conditions, it determines the overall shape of the q-z relationship and is 
required in the proposed q-z predictive model that will be introduced in this chapter. 
10. Drilled shaft information: the diameter for each rock socket (B), concrete compressive 
strength (f’c), modulus of elasticity of concrete (Ec), the depth of embedment of rock 
socket tip from the ground surface (DGS) and from the top of rock formation (DTOR) are 
obtained based on the site stratigraphy and the reported dimensions (see Appendix A). 
The method of construction and condition of the tip of drilled shafts are summarized as 
well. 
 
10.3 Limit State Design 
According to Phoon et al. (2003), a limit state framework refers to a design philosophy 
that consists of the following: i) identification of all potential failure modes (i.e., limit states), ii) 
evaluation of each failure mode separately and iii) illustration of the probability of occurrence of 
each limit state being sufficiently small. A “limit state” may be defined as a condition where the 
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foundation does not serve its intended purpose (Paikowsky et al., 2010). Different approaches 
have been used to ensure that these limit states will not materialize in the constructed structures 
(Allen, 1974; Haldar and Mahadevan, 2000; Phoon et al., 2000). For example, the probability 
theory may be used to ensure that the design of a given structure is safe in relationship to each 
limit state; this constitutes a probabilistic LSD. In a probabilistic LSD (Phoon et al., 2000), 
resistance and load factors are calibrated using the principles of structural reliability and are used 
in a Load and Resistance Factor Design (LRFD) framework to ensure the design is safe against 
each limit state. 
In the design of any foundation, two important failure modes or limit states should be 
identified and then examined separately (Meyerhof, 1951; Allen, 1974; Phoon et al., 2000). The 
designer must ensure sufficient margin of safety against instability and should provide provisions 
to limit the foundation settlement to tolerable values. The first check pertains to the “ultimate” 
(i.e., strength) limit state (ULS) and the latter to the “serviceability” limit state (SLS). To adopt 
probabilistic LSD, probabilistic predictive models are preferred over currently available 
deterministic models for the calibration of the resistance factors for Probabilistic Limit State 
Design (PLSD). In a probabilistic model, the uncertainty in the variables and model parameters 
is accounted for by using probability distribution functions. This approach will address the 
limitation of existing deterministic models where uncertainty in model parameters is an 
unknown. The strength and serviceability limit states must be defined first. Then we will 
introduce the probabilistic models for evaluation of each limit state. 
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10.3.1 Ultimate (strength) limit state (ULS) 
Most of the available design methods do not clearly define the strength limit state (Phoon 
et al., 2003) for drilled shaft foundations, they rarely discuss how the components of resistance 
should be combined in the design process and commonly do not consider compatibility between 
the components of resistance (side and tip) when predictive models are being developed. Instead, 
they offer a general predictive equation that they propose for all possible design scenarios. 
Moreover, it is not clear what stage of rock failure is being predicted using these design 
equations. 
A universal definition of tip resistance (rock failure), as implied from many design 
models, may not be applicable to all design scenarios (Goodman, 1980). Rather, tip resistance 
should be defined based on compatibility between side and tip resistances, and other 
considerations, namely, applicable design specifications, failure mode and rock behavior (see 
Chapter 9) and the construction method. Accordingly, four scenarios or design examples (i.e., 
limit states) are discussed herein that are commonly encountered in practice. The form of the 
predictive model may change from one case to another. 
 
10.3.1.1 Peak side (fsp) and tip resistance (qf) (Case A) 
This limit state takes place when the peak shear stress (fsp) on the shear surface on the 
rock socket perimeter is mobilized and subsequently sustained when the fracture initiation 
pressure (qf) is mobilized. In this case, the limit state is determined by adding the contribution 
from side peak shear stress (fsp) (see Chapter 11) to the fracture initiation pressure (qf) (Chapters 
9 and 10). This scenario applies to drilled shafts in soft shale, claystone, mudstone and siltstone 
that are known to exhibit a stable post-peak shear response in side resistance. 
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10.3.1.2 Peak side (fsp) and tip resistance (qy) (Case B) 
This limit state takes place when the peak shear stress (fsp) is mobilized, however, post-
peak response is brittle. This situation is known to be true for drilled shafts in sandstone and 
limestone where the rock/concrete interface is smooth. The limit state for drilled shafts in design 
Case B is defined by the mobilization of the peak side resistance (fsp) and partial development of 
the tip resistance, namely the yield pressure (qy) of rock mass under the drilled shaft tip. This 
scenario is explained below in more detail. 
The variation of values of ratios of zy/B and zf/B with drilled shaft diameter (B) are 
shown in Figure 10.5 for all load tests in the tip resistance database (i.e., load test data are 
summarized in Appendix A and Chapter 3). A review of the literature (e.g., Kulhawy and 
Goodman, 1987; Brown et al., 2010) and review of displacements required to reach peak side 
resistance in Appendix B or Chapter 3 shows that peak side resistance of drilled shafts in soft 
rock is mobilized when a displacement of less than about 1 to 2% of drilled shaft diameter (B) is 
achieved (i.e., displacements on the order of about 10 mm according to Kulhawy and Goodman, 
1987 and the side resistance data reported in Appendix B of this thesis). Figure 10.5 shows that 
for majority of load tests, qf is mobilized when zf/B is considerably greater than 1 to 2%. Shaft 
displacements much greater than 1-2% of drilled shaft diameter results in post-peak softening in 
side resistance and may reduce the side resistance to as low as 50% of the peak side shear 
resistance (fsp), particularly for small diameter drilled shafts with B < 410 mm (after Horvath and 
Kenney, 1979) constructed in sandstone or in vuggy limestone for which t-z relationships are 
known to exhibit a brittle failure or “unstable sliding” (Pells et al., 1980; Schmertmann, 1977). 
Therefore, the tip resistance for Case B design scenario is calculated as follows: to ensure 
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excessive displacements will not lead to post-peak softening in side resistance of rock sockets, 
particularly when the sides of the rock socket are smooth, the contribution of tip resistance to the 
strength limit state for the drilled shaft is given by the value qy when the design calls for both 
“peak” side resistance and partial tip resistance. 
 
10.3.1.3 Only tip resistance is used (Case C) 
This limit state takes place when the rock socket wall is smooth or covered with smeared 
material or filter cake or in general when the materials on the rock socket wall is disturbed and 
remolded. In this case, the limit state for drilled shaft is defined based on the value of fracture 
initiation pressure (qf). This corresponds to a loading stage where major yielding of rock mass 
has occurred and a zone of cracked rock with vertical to subvertical shear surfaces (see Chapter 
9) is developed underneath the tip of the drilled shaft (Williams, 1980; Johnston and Choi, 1985; 
Zhang, 2004). 
 
10.3.1.4 Allowable displacement approach (Case D) 
A q-z relationship is used to predict a value of tip resistance (q) for an allowable axial tip 
displacement (z). The allowable displacement is specified to prevent the overstressing of the 
superstructure (e.g., reinforced concrete beams or slabs in a bridge deck or steel frames in a 
multistory building structure) and is often set by the structural design specifications. The role of 
the geotechnical engineer in this case is to ensure the drilled shaft is designed such that 
displacements of the superstructure are kept within the tolerable limits. The approach proposed 
in Case D is similar to the design method that was recommended by O’Neill and Reese (1999) 
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who proposed correction factors to limit the foundation displacements when large diameter 
drilled shafts are used in clay. 
Case A should be used when construction procedure leads to relatively rough socket wall 
(i.e., grooves deeper than 10 mm after Pells et al., 1980) and a tip that is free of compressible 
debris while Case C pertains to situations where shear plane is smooth as a result of formation of 
filter cake in the case of bentonite slurry construction or smeared rock powder that is often 
observed in drilled shafts in argillaceous and calcareous formations. In such cases, the side 
resistance response is brittle and unstable and may be neglected. Case C should only be used in 
situations that rock socket tip can be inspected and made free of compressible material. Case D is 
used when displacement levels other than those in Cases A through C are allowed or are 
requested by the design specifications. The predictive design models for tip resistance that are 
based on rock failure under the drilled shaft tip (see Chapter 9), for each limit state reviewed 
above are discussed in this chapter. The corresponding design models for side resistance are 
discussed in Chapter 11. 
 
10.3.2 Serviceability limit state (SLS) 
A Serviceability Limit State (SLS) check ensures that the drilled shaft is designed with 
“adequate stiffness to limit the deformations that adversely affect the strength or serviceability” 
(ACI 318-14) of the structure that is supported by the drilled shaft foundation. Therefore, after a 
drilled shaft is designed to satisfy the Ultimate Limit State (ULS), it must also be shown that the 
calculated settlement of the drilled shaft under the service load will result in deformations and 
rotations of the superstructure that are smaller than the allowable deflections and rotations. The 
definition and determination of these allowable movements for the superstructure are beyond the 
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scope of this thesis. The tolerable deformations may be found from the structural engineering 
codes such as Building Code Requirements for Structural Concrete (ACI 318-14) and AASHTO 
LRFD Bridge Design Specifications (2012) or other relevant structural engineering publications 
(e.g., Skempton and MacDonald, 1958; Burland and Wroth, 1974; Moulton et al., 1982 and 
1985; Zhang and Ng, 2005). In this chapter, in addition to providing guideline for determination 
of strength limit state, we will provide recommendations for calculation of the drilled shaft 
settlement. The total settlement of a drilled shaft foundation is the sum of two components: 
 
1. The elastic compression of the drilled shaft, and 
2. The settlement of the drilled shaft (due to the side and the tip) necessary to mobilize 
resistance to the service load. 
 
The elastic compression of the drilled shaft is calculated using elastic methods. 
Additional settlement due to interaction of the drilled shaft with the soft rock mass (i.e., those 
explained in Item 2 above) is calculated using load transfer approach (Seed and Reese, 1957) (q-
z in this chapter and t-z in Chapter 11). 
 
10.4 Pressure-Displacement Function (q-z relationship) 
Deflection often governs the design of drilled shaft foundations on soft rocks rather than 
strength limit state (Goodman, 1980). Therefore, the design must satisfy the serviceability limit 
state (SLS). Accordingly, the settlement caused by the compression of the soft rock under the tip 
of drilled shaft that contributes to the overall drilled shaft settlement should be estimated and the 
total deflection must comply with the tolerable deflection limits determined by allowable 
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deflections of the superstructure (e.g., Skempton and MacDonald, 1956; Burland and Wroth, 
1974; Moulton et al., 1985; Zhang and Ng, 2005). 
A model for pressure-displacement relationship (i.e., q-z relationship that is used in a 
load-transfer approach after Seed and Reese, 1957; Brown et al., 2010 where the soft rock-drilled 
shaft interactions are represented by nonlinear springs as shown in Figure 10.8b) is proposed 
herein for estimation of the compression of the soft rock under the tip of drilled shafts. The 
pressure-displacement relationship for the tip of drilled shaft accounts for the nonlinearity of 
rock behavior. Predictive q-z models are often empirical and are based on measured response of 
the tip of drilled shafts. Traditionally, for development of q-z predictive models, the back-
calculated q-z relationships from a number of drilled shaft axial load test case records are 
superposed and the predictive model is developed using regression analysis on the compiled data 
(e.g., Reese and O’Neill, 1988 and O’Neill and Reese, 1999). Figure 10.6 shows a compilation of 
190 back-calculated q-z relationships from drilled shaft and plate load tests in different soft rocks 
(see Appendix A or Chapter 3). The scatter in normalized data is significant because 
normalization is not often performed using fundamental properties of the rock mass and rock 
socket geometry (Williams et al., 1980). Most of these models do not consider some of the most 
important intact and rock mass properties and drilled shaft characteristics. 
Castelli et al. (1992), Jeong et al. (2010) and Lee et al. (2013) have proposed a hyperbolic 
model to predict the q-z relationships for drilled shafts in rock masses. The use of a hyperbolic 
model often requires the prediction of the actual failure pressure (i.e., bearing capacity) in tip 
resistance that corresponds to the mobilization of a full failure wedge (e.g., a general shear 
failure mechanism after Terzaghi, 1943) under the drilled shaft tip. However, the number of 
drilled shaft load tests in soft rock mass where failure pressures (corresponding to the 
812
development of plastic equilibrium in tip resistance) have actually been measured is limited and 
a reliable predictive model for its prediction is not currently available. Williams (1980) 
suggested a rational approach for the normalization of pressures-displacement relationships of 
plate and drilled shaft load tests in soft Sydney siltstone. Using the method of Williams (1980), 
the effect of rock mass properties, drilled shaft characteristics and drilled shaft tip displacements 
on tip resistance mobilization may be accounted for. This method does not require the use of 
bearing capacity (i.e., tip pressure corresponding to mobilization of plastic equilibrium in rock 
mass under the loaded area) that is needed when a hyperbolic model is used for the prediction of 
the q-z relationship. This method (slightly modified from the method originally proposed by 
Williams, 1980) for normalization of the q-z relationships is shown in Figure 10.7 and is 
described below: 
 
1. Draw a tangent line to the initial portion of the back-calculated q-z relationship as shown 
in Figure 10.7. 
2. Mark the displacement at which the q-z relationship deviates from the tangent drawn in 
Step 1. Denote this point on the back-calculated q-z relationships as (zy, qy). 
3. Select and obtain the coordinates of a number of representative points on the back-
calculated q-z relationships (zj, qj). 
4. At the same zj displacements used in Step 3, obtain the corresponding qe-j from the 
tangent line in Step 1. Denote these points as (zj, qe-j). 
5. Find the difference between qe-j and qj and call it the “plastic stress” (Williams, 1980) 
 
qp-j = qe-j - q j           (10-2) 
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6. Normalize the qe-j and qp-j with the pressure at which the measured q-z relationship 
deviates from the tangent line (i.e., qy). It was shown in Chapter 9 that qy represents the 
initial yielding of the rock mass under the drilled shaft tip. 
7. Superimpose the normalized values (i.e., qe-j/ qy and qp-j/ qy) for all measured q-z 
relationships. 
 
The q-z relationships (see Appendix A) are normalized using modified Williams (1980) 
method (see Figure 10.8a) as explained above. Figure 10.8a and the following procedure may be 
used to predict the q-z relationship for tip resistance of drilled shafts in soft rock mass: 
 
1. Estimate the initial normal stiffness (Kn) of the rock mass under the tip of drilled shaft 
and use it to obtain coordinates of (zj, qe-j). 
2. Predict the yield pressure of the rock mass (qy). 
3. Normalize the qe-j with the yield pressure (qy) predicted in Step 2. 
4. Enter Figure 10.8a with qe-j/qy and obtain the corresponding values of qp-j/qy. The 
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⎟ − 0.8549,  
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qy
> 6       (10-6) 
 
5. Estimate the plastic pressure (qp-j) for each displacement zj by multiplying the estimated 
ratio qp-j/qy obtained above by estimated value of the yield pressure (qy). 
6. Subtract the qp-j from the elastic pressure (qe-j) to obtain the actual value of the tip 
resistance corresponding to each zj to account for nonlinearity in rock mass behavior. 
 
The proposed framework for prediction of q-z relationship accounts for the nonlinearity 
of rock mass behavior (see Appendix A) and deviation from elastic solutions (e.g., Goodman, 
1980; Kulhawy and Goodman, 1980; Kulhawy and Goodman, 1987) for tip deflections at large 
values of tip deformation. The nonlinearity in pressure-displacement relationship results from the 
presence of joints and fissures and formation of new vertical to subvertical shear planes and 
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cracks in the rock mass underneath the tip of the drilled shaft at pressures that are analogous to 
the preconsolidation pressure (Terzaghi et al., 1996) where major breakdown of soil structure 
takes place where soil transitions from a stiff to a soft displacement response to external loading. 
The initial normal stiffness (Kn) and the yield pressure (qy) are required to use Figure 
10.8a for prediction of the relationship between tip pressure and displacement. Models are 
proposed in the subsequent sections to predict these important properties of the rock socket. 
These models account for the uncertainty in the model parameters and model inexactness using 
the theory of probability. 
 
10.5 General Form of Predictive Models 
Current predictive models are commonly deterministic (see Chapter 2). This means that i) 
the uncertainty in the model parameters1 is unknown and cannot be readily quantified and ii) the 
uncertainty in the model variables2 is not taken into account in the design process. Although 
deterministic models have been used in calibration of resistance factors in the past (e.g., 
Paikowsky et al., 2010), probabilistic models are more suitable for assessment and calibration of 
resistance factors (φ) for use in a probabilistic LSD approach (e.g., LRFD framework). This is 
because probabilistic models can account for uncertainty associated with design predictions more 
rigorously. The calibration of resistance factors is discussed in detail in Chapter 12 using the 
framework that is discussed in Chapter 8. In the subsequent sections of this chapter, probabilistic 
predictive models are developed for the initial normal stiffness (Kn), yield pressure (qy) and the 
tip fracture initiation pressure (qf). These models will be used in design as follows: 
 
                                                
1 Assuming that model has a form of axn + b, model parameters refer to the constants a, n and b. 
2 Assuming that model has a form of axn + b, model variable refers to x. 
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• Initial normal stiffness (Kn): Kn is used to construct the q-z relationship (see Section 
10.4). It indicates the rate of change in the tip contact pressure with the tip displacement 
at small displacements (i.e., service loads conditions). 
• Yield pressure (qy): qy defines the contact pressure at which pressure-displacement 
response for drilled shaft tip becomes non-linear. Back-calculated values of qy are 
compared with original and modified Griffith fracture theories in Chapter 9 and it is 
shown that rock mass under drilled shaft tip is far from the state of fracture initiation at 
qy. This fundamental design equation is required in the construction of the q-z 
relationship (see Section 10.4). Additionally, it is used for prediction of the maximum 
contact pressure at the tip of the drilled shaft when both side and tip resistances are used 
in situations where post-peak softening in side resistance is a concern (see Section 10.3). 
• Fracture initiation pressure (qf): a pressure level equivalent to the fracture initiation 
pressure (see Chapter 9), was first introduced by Terzaghi (1943) and later by Hirany 
(1988) as the failure pressure definition. Terzaghi (1943) indicated that this definition is 
rather arbitrary but is in accordance with the current conceptions and practice. Analysis 
presented in Chapter 9, however, showed that this definition has merit in the case of 
drilled shafts in soft rocks. It is shown in Chapter 9 by comparison of qf (back-calculated 
from q-z relationships) with original and modified Griffith fracture theories that qf is the 
pressure that will cause the formation of new vertical to subvertical cracks under the 
drilled shaft tip. This contact pressure is used to indicate the tip resistance when i) design 
does not rely on the contribution from side resistance, ii) post-peak softening in side 
resistance can be accounted for with a reasonable degree of accuracy by using a t-z 
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approach or iii) the post-peak softening in side resistance is insignificant in the case of 
drilled shafts in shales, mudstones and siltstones. 
 
The models described above are developed using Gardoni et al. (2002) method for 
regression analysis using the probability theory (see Chapter 8). The determination of model 
parameters (Θ) and their probability distribution are done using the Maximum Likelihood 
Method. These models account for the uncertainty resulting from i) model inexactness (i.e., 
limitations in mathematical form of the models), ii) uncertainty in the model variables and iii) 
uncertainty in model parameters. The general form of the models (Gardoni et al., 2002) is as 
follows 
 
q(x,Θ) = q̂(x)+ γ (x,θ)+ σε          (10-7a) 
 
where x denotes the physical variables that govern the drilled shaft behavior (i.e., measurable 
properties of the rock mass or rock socket geometry), q(x, Θ) is the probabilistic model, q̂(x)
corresponds to an existing deterministic model (if available),  γ (x,θ) is the correction term that is 
added (additivity assumption) to the deterministic model to reduce its bias. Θ  =  (θ,σ) denotes a 
set of unknown model parameters that are used to fit the model to the observed data, σε   is the 
model error where ε is assumed to be a normal random variable (normality assumption) with 
zero mean and unit variance and σ denotes the standard deviation of the model which is assumed 
to be constant (homoscedasticity assumption). The first two terms on the right hand side of 
Equation 10-7a are selected based on our understanding of the theory and rock behavior that 
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govern the initial normal stiffness (Kn), yield pressure (qy) and fracture initiation pressure (qf). 
The model correction terms can be expressed using the following equation 
 
γ (x,θ) = θihi (x)
i=1
n
∑           (10-8) 
 
The term hi(x) expresses the ith correction term (i.e., explanatory function, Gardoni et al., 
2002). The correction terms are developed by combining the basic measurable properties, x, 
based on the physics of the problem namely the properties of the soft rock mass and the drilled 
shaft characteristics. In short, the model calibration process is performed as explained below: 
 
1. The in situ load tests included in the tip resistance database (Appendix A and Chapter 3) 
are used to study the factors that affect Kn, qy and qf, 
2. Based on the study of tip resistance database in Chapter 9 and in the following sections 
and the review of the available theories, a number of variables (see Table 10.2) are 
selected that are believed to influence Kn, qy and qf the most. These correction terms will 
be discussed in subsequent sections of this chapter, and 
3. A regression analysis is performed following the approach proposed by Gardoni et al. 
(2002) to develop the design equations for prediction of Kn, qy and qf. This approach is 
briefly explained in Chapter 8. 
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Some comments on q̂(x)  
q̂(x)  represents a deterministic model that is currently in use and is well-known by many 
design engineers (Gardoni et al., 2002). The followings should be noted in relation to q̂(x) : 
 
1. q̂(x)  is commonly developed using a linear regression analysis on the experimental data 
and is deterministic. 
2. q̂(x)  usually accounts for the most important physical and measureable variables that 
govern the drilled shaft behavior. 
3. q̂(x)  is familiar to the users of the design codes and thus creates a link between the 
newly proposed design equations and those that are currently in use. 
4. q̂(x)  is not always available. In such a case, Equation 10-7a is revised and used as 
follows 
 
q(x,Θ) = γ (x,θ) + σε = θihi (x)
i=1
n
∑ + σε       (10-7b) 
 
The unknowns in Equation 10-7b (i.e., θi, σ and ε) are estimated using Maximum 
Likelihood Method and by fitting Equation 10-7b to the drilled shaft load test data in 
Appendix A. 
 
10.5.1 Initial normal stiffness (Kn) 
The initial normal stiffness (Kn) is back-calculated based on the slope of the initial 
tangent to the q-z relationships. The back-calculated values are reported in Appendix A. The 
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initial normal stiffness (Kn) may be viewed as a measure of the rate at which tip contact pressure 
is mobilized with tip displacement and it provides a relationship between stresses and 
displacements in the elastic range. The variation of back-calculated Kn with different soft rock 
properties and drilled shaft characteristics is shown in Figure 10.9. The followings are concluded 
based on Figure 10.9: 
 
1. Effect of mineralogy of rock appears to be of secondary importance compared to all other 
rock properties and drilled shaft characteristics that are studied in Figure 10.9. Based on 
the data presented in this figure, no distinction may be made between the Kn mobilized in 
drilled shafts in coarse- and fine-grained rocks at small deformations. 
2. Drilled shaft load test data show that the initial normal stiffness (Kn) increases with qu, 
Em, φ'm, c'm and GSI. The initial normal stiffness increases with GSI because larger GSI 
implies less fractured rock and rocks with joints that are less altered. Such rock masses 
are expected to exhibit stiff load-displacement response and in turn exhibit large Kn 
values. φ'm and c'm represent the rate of increase in the shear strength of the rock with 
change in confining pressure. Therefore, for the same increase in the confining pressure 
due to the foundation loads, a rock with larger φ'm and c'm will exhibit a stiffer response 
because it mobilizes a larger shearing strength and thus resistance to movement. A rock 
mass consists of intact rock blocks that are separated by joints. The stiffness of the rock 
mass, therefore, is a function of both compressive strength of intact blocks and the shear 
strength of the joints. Thus, a rock mass with larger unconfined compressive strength (qu) 
of rock substance exhibits a larger initial normal stiffness. 
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3. Depths of embedment of the tip of drilled shaft from the ground surface (DGS) and from 
the top of rock (DTOR) do not appear to affect the initial normal stiffness (Kn). It is shown 
in Chapter 9 that the total confining pressure on the failure mechanism under the drilled 
shaft tip consists of i) stresses due to the overburden soil and rock that relates to the depth 
of embedment and ii) stresses induced in the rock due the foundation loads and resulting 
displacements. While test results have shown that the increase in depth of embedment 
could change the mode of failure under the loaded area, Item (i) contributes a small 
percentage to the total confining pressure and thus is inconsequential to the magnitude of 
the mobilized initial normal stiffness. In other words, the depth of embedment determines 
the initial horizontal stresses on the rock mass under the drilled shaft tip. The stiffness of 
drilled shaft tip, however, is determined by the final horizontal stresses on the failure 
mechanism (see Chapter 9). The final horizontal stress is determined and is dominated by 
the foundation displacement and the stiffness of the rock mass and not the depth of 
embedment, for the typical embedment depths that are commonly used in rock sockets. 
Additionally, Benson et al. (1970) indicated that increase in the stresses in rock mass 
leads to closure of discontinuity surfaces that results in increase in the stiffness of the 
rock mass. The increase in stresses due to the increase in embedment depth in the case of 
drilled shafts in soft rock is relatively small and thus substantial crack closure will not 
take place. This is supported by the in situ drilled shaft load test data. 
4. An increase in the socket diameter (B) appears to slightly decrease Kn of the rock socket. 
Kn is influenced by the diameter (i.e., size) of the rock socket because as rock mass 
becomes more fractured and as the diameter of drilled shaft becomes larger, the 
likelihood of the drilled shaft tip encountering fissures and joints increases. An increase 
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in the number of fissures and joints within the failure mechanism will reduce the stiffness 
of drilled shaft tip. The slight decrease in Kn with increase in the diameter for the drilled 
shaft and plate load tests, however, indicates that the effect of rock mass features on 
deformational properties of soft rock is not as consequential as their effects on 
deformational properties of strong rocks because the shear strength of the intact blocks 
and the shearing strength of the rock joints are very close in soft rocks due to weathering. 
 
Numerical analysis by Lee et al. (2013) showed that the initial normal stiffness for drilled 
shaft tip in rock masses decreases with the drilled shaft diameter (B) and increases with an 
increase in modulus of deformation of rock mass (Em). Jeong et al. (2010) studied the initial 
normal stiffness (Kn) for rock socket tip for the Korean rocks. These studies, that are based on 
small databases of drilled shaft load tests and numerical analysis, concluded that the initial 
normal stiffness (Kn) is directly related to the modulus of deformation of rock mass (Em) and 
inversely related to the diameter (B) of the drilled shaft and spacing of the rock joints (S). 
The objective of this section is to develop a model for prediction of initial normal 
stiffness (Kn). The method of Gardoni et al. (2002) is used for the calibration of the model. In 
this thesis, we use the elastic solutions for prediction of the displacement of foundations (e.g., 
Poulos and Davis, 1968; Goodman, 1980; Carter and Kulhawy, 1988) to develop a base model 
for prediction of initial normal stiffness (Kn). Stepwise deletion process (Gardoni et al., 2002) is 
then used to investigate possible improvements to this basic model by examining the coefficient 
of variation of model parameters corresponding to the correction terms that are introduced in 
Table 10.2. Because the deformational properties of soft rock mass is affected by its secondary 
structure (Goodman, 1980), rock mass properties (e.g., Em) are used in the following derivations. 
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Carter and Kulhawy (1988) proposed the following equation for prediction of displacements at 
the tip of drilled shafts 
 
z = Q × (1− ν)
2 ×Gm ×B
          (10-9) 
 
where z is the vertical displacement at the tip of drilled shaft, Q is axial load at the tip of drilled 




2 × (1+ ν)
          (10-10) 
 
Equations 10-9 and 10-10 are used to derive a basic expression for a model 




π ×B× (1− ν2 )
          (10-11) 
 
A set of dimensionless correction terms,  γ (x,θ), are proposed in Table 10.2 for the 
construction of the probabilistic enhanced model for Kn. These correction terms may contribute 
non-uniformly to the improvement of the model shown in Equation 10-11. It is further noted that 
the quality of the predictions does not necessarily improve by an increase in the level of 
sophistication of the model (Phoon et al., 2000). The model parameters, Θ  = (θ ,σ), are estimated 
using Maximum Likelihood Method (Gardoni, 2002; Ang and Tang, 2007) and following the 
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stepwise deletion process (Gardoni et al., 2002). The stepwise deletion process uses the 
coefficient of variation of the estimated model parameters, Θ = (θ,σ), to determine the 
significance of each correction term to the overall model error (Gardoni et al., 2002). It must, 
however, be noted that stepwise deletion process should be used in combination with engineering 
judgment to obtain the final form of the model. Results of the stepwise deletion process are 
shown in Figure 10.10 for Kn. After removing the terms that do not show strong correlation with 
the initial normal stiffness (Kn) and calibrating the final equation for Kn using the back-
calculated initial normal stiffness and Maximum Likelihood Method, the final form of the 





















      (10-12) 
 
where Kn is in units of MPa/mm, Em is in units of MPa, B is in units of mm, qu is in MPa, Pa is 
atmospheric pressure (= 0.101 MPa) and c'm is in units of MPa. The statistics of the model 
parameters and the model error are summarized in Table 10.3. The comparison between 
deterministic and the median of the probabilistic models is shown in Figure 10.11. The normality 
and homoskedasticity assumptions (see Chapter 8) are satisfied by using appropriate variance 
stabilizing transformations following the recommendations of Box and Cox (1964). In this study, 
the correction terms are transformed using the natural logarithm as shown in Table 10.2. The 
suitability of such transformation can be verified by diagnostic plots (Rao and Toutenburg, 1997) 
or by visual inspection of the plot of predicted versus measured initial normal stiffness. 
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10.5.2 Yield pressure (qy) 
qy in Figure 10.4 represents the yield pressure of the rock mass. The yield pressure of the 
rock mass is the pressure at which the relationship between pressures and displacements 
becomes nonlinear. It is shown in Chapter 9, by comparison of the back-calculated qy values 
with the original and modified Griffith fracture theories, that the proposed definition of qy 
(following Hirany, 1988) does not generally results in formation of new fractures in the rock 
mass under the drilled shaft tip because qy generally plots below the failure envelopes introduced 
by Griffith (1921) and McClintock and Walsh (1962). Therefore, L1-L2 method (Hirany, 1988) 
is used to obtain the corresponding values of qy (or equivalently q1 in Hirany, 1988 method) for 
each case history. These values are reported in Appendix A. The followings can be learned from 
the analyses of Figure 10.12: 
 
1. Figure 10.12 shows that the rock type and texture (i.e., degree of fineness and uniformity 
of soil, after Terzaghi et al., 1996) do not significantly affect the yield pressure (qy). This 
is because i) past geologic processes such as “erosion, swelling, softening and 
preshearing” (Mesri et al., 1978; Mesri and Shahien, 2003) have altered the inter-particle 
bonds in these soft rocks. These rocks therefore, exhibit very similar consistencies (i.e., 
“degree of adhesion between the soil [or rock] particles and the resistance offered against 
forces that tend to deform or rupture the soil [or rock] aggregates”, after Terzaghi et al., 
1996). It is noted that most of the rock types are fine-grained. Most of the coarse-grained 
rocks (i.e., sandstones) in the database include a large percentage of clay-sized and -shape 
particles and silts and essentially exhibit a behavior similar to fine-grained sedimentary 
rocks. 
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2. The yield pressure increases with unconfined compressive strength (qu) of intact soft rock 
(qu). Mesri (1975) and Terzaghi et al. (1996) showed that the preconsolidation pressure 
(σ'p) and undrained shear strength (su) of soft clays and silts are related. Preconsolidation 
pressure is a pressure at which “major structural changes including break-down of inter-
particle bonds will begin to occur” (Terzaghi et al., 1996). By analogy, the yield pressure 
calculated from the results of drilled shaft and plate load tests is a pressure that leads to 
major changes in the structure of the soft rock. By comparison, the yield pressure of the 
rock mass should depend on the unconfined compressive strength (qu) of intact soft rock 
specimens because qu represents the shear strength of the rock. Moreover, the behavior of 
rock mass is affected by its constituent parts, namely the intact rock blocks and the joints 
and other planes of discontinuity that separate the intact blocks. Unconfined compressive 
strength is a representative of the strength of the intact rock blocks and thus should be 
related to qy. 
3. The yield pressure increases with Geological Strength Index (GSI). GSI is an indicator of 
i) the degree of blockiness (e.g., as indicated by Rock Quality Designation, RQD) of the 
rock mass and ii) the degree of weathering and alteration of joint surfaces that exist in the 
rock mass. As the GSI increases, the volumetric density of the joints in the rock mass and 
degree of weathering of joints decrease. Therefore, the initiation of the nonlinear 
behavior is delayed and qy will increase in magnitude. 
4. The yield pressure increases with the drained friction angle and cohesion intercept of the 
rock mass (φ'm and c'm, respectively). Increase in φ'm and c'm will increase the rate at 
which the shear strength will increase with induced confining pressure in the rock mass 
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due to the applied foundation loads. Therefore, soft rocks that exhibit less weathering and 
larger values of φ'm and c'm are stiffer and will develop larger values of yield pressure. 
5. The yield pressure (qy), however, appears to slightly decrease with increase in drilled 
shaft tip diameter (B). This is because the probability that the foundation base will 
interact with a larger number of joints and fissures will increase with an increase in the 
size of the foundation. Presence of a larger number of fissures and joints will mobilize a 
smaller yield pressure. 
6. Yield pressure (qy) increases with increase in rock mass modulus of deformation (Em). Em 
controls the development of confining pressures around the failure mechanism and thus 
affects the value of qy. As the confinement around the failure mechanism increases, the 
rock mass yields at a larger normal pressures. Therefore, qy will increase. 
7. Load tests data (Figure 10.12) show that the initial yield pressure (qy) does not 
significantly increase with increase in depth of embedment (from the ground surface DGS 
and from top of rock DTOR). A number of factors can contribute to this outcome. First, the 
confinement on the failure mechanism, that largely controls the shear strength of the rock 
mass (Goodman, 1980), does not significantly improve with depth from the ground 
surface (DGS) or the depth from the top of rock (DTOR). Second, the modulus of 
deformation of rock mass that controls the increase in the lateral pressures due to axial 
movement of the rock socket and the resulting lateral distortions, does not increase 
noticeably with depth of embedment. 
 
Stark et al. (2013) proposed an empirical method for q-z relationship for drilled shafts in 
Intermediate Geomaterials (IGMs) (see Figure 10.13 that is reproduced with modifications from 
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Stark et al., 2013). Stark et al. (2013) proposed design equation (with exclusion of the depth 
















× qu           (10-13) 
 
Where q is the tip pressure, z is the vertical displacement and B is the drilled shaft diameter. 
The depth factor is used to account for the shear strength of soil or rock above the base of 
foundation in situations where the shear surface extends into the geomaterial above the tip of the 
drilled shaft (Vesic, 1963). Field and laboratory evidence (i.e., Jaky, 1948; Meyerhof, 1950 tests 
in sand; Ladanyi, 1972 observations based on tests in rocks; observations of Vesic, 1963 for load 
tests of deep foundations in sand; Vesic, 1973; drilled shaft load tests in soft Sydney siltstone by 
Williams, 1980; observations of Zhang and Einstein, 1998; analysis of drilled shaft load tests in 
this study; discussion presented in Chapter 9), however, show that a local shear failure is the 
principal failure mechanism in porous rocks (see Chapter 9). Application of depth factor may 
lead to unconservative results, especially when the failure mechanism is confined to a zone in the 
immediate vicinity of the drilled shaft tip and tip displacements are small as for the 
displacements that are needed to mobilize qy. The depth factor is thus excluded from our analysis 
herein. 
Examination of Figure 10.13 and q-z relationships in Appendix A suggests that soft 
rock’s structure yields at a tip displacement of about 0.7% of drilled shaft diameter (B) that 
compares with data presented in Figure 10.5 that shows qy (or equivalently q1) determined from 
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Hirany (1988) L1-L2 method is, on average, mobilized at a displacement of approximately 0.9% 
of B. Evaluating Equation 10-13 at a z/B ratio of approximately 0.7% yields the following 
deterministic model for qy 
 
qy = qu            (10-14) 
 
Study of qy (Figure 10.12) showed that it is not only a function of unconfined compressive 
strength (qu) of the intact soft rock specimen. A set of correction terms is proposed in Table 10.2. 
Stepwise deletion process (Gardoni et al., 2002) is repeated here as was done in previous section 
(see Figure 10.14). The statistics for the final model parameters are shown in Table 10.4. The 
final form of the proposed probabilistic model for the yield pressure (qy) is shown below 
 






× GSI( )θ6         (10-15) 
 
where qy and qu are in units of MPa. The enhanced model is compared with the deterministic 
model in Figure 10.15. 
 
10.5.3 Fracture initiation pressure (qf) 
Vesic (1973) provided a summary of the theories that may be used for prediction of the 
bearing capacity of foundations. These models are commonly developed based on the 
assumption that a general shear failure mechanism (Terzaghi, 1943) is developed under the 
drilled shaft tip. This failure mechanism assumes that the state of plastic equilibrium (Terzaghi et 
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al., 1996) is fully developed in the geomaterial in the immediate vicinity of the drilled shaft tip. 
These methods are summarized in Tables 10.5 and 10.6. Most of these methods have been 
developed based on the observations of the behavior of foundations on soils and rock masses that 
have been subjected to axial loads. 
 
10.5.3.1 Available theories 
Figure 10.16 (after Vesic, 1963) shows the possible modes of failure under a deep 
foundation subjected to axial loads. These modes of failure have been described in the literature 
(Terzaghi, 1943; Vesic, 1963; Vesic, 1973; Peck et al., 1974; Terzaghi et al., 1996) as general 
shear failure (Figure 9.16a), local shear failure (Figure 9.16b) and punching shear failure (Figure 
9.16c). In general shear failure mode, well-defined slip surfaces are mobilized on either sides of 
the foundation and the load-displacement relationship exhibits a distinct and well-defined peak. 
According to Terzaghi (1943), “in practice[,] the conditions for the general shear failure 
illustrated by Figure 10.24c are never completely satisfied, because the horizontal compression 
of the soil located immediately below the level of the base of the footing [or any other type of 
foundation], on both sides of the base, is not great enough to produce the state of the plastic 
equilibrium within the upper part of zone aef [in Figure 10.24c].” The mechanism shown in 
Figure 10.16 for general shear failure (or in Figure 10.24c) has been used in the literature for 
development of solutions for bearing capacity of foundations without consideration to the actual 
observed failure mechanisms (e.g., Serrano and Olalla, 2002). Examination of the mobilized 
failure mechanism by Williams (1980) in drilled shaft and plate load tests in weathered Sydney 
siltstone (see Chapter 9) and that of Jaky (1948) for drilled shafts in clay show that mobilization 
of the general shear failure mode is unlikely as was previously indicated by Terzaghi (1943). 
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Additionally, comparison of the back-calculated fracture initiation pressure (qf) from the in situ 
load tests with Griffith fracture theory in Chapter 9 showed reasonable agreement between 
Griffith theory and the experimental data. This indicates that the mode of failure at the onset of 
mobilization of qf (i.e., formation and propagation of new cracks) is better represented by the 
mechanism that was proposed by Griffith (i.e., failure by formation of sub-vertical to vertical 
cracks parallel to the direction of the principal stress) compared to a general shear failure 
mechanism described by Terzaghi (1943). In a local shear failure mode, well-defined slip 
surfaces are observed only underneath the foundation (Terzaghi, 1943; Vesic, 1963; Vesic, 
1973). The slip surfaces will not extend beyond the base of the foundation and the load-
displacement relationship does not exhibit a distinct peak. In a punching shear failure 
mechanism, commonly observed for geomaterial with high compressibility, the slip surfaces 
cannot be readily observed (unlike that seen in a general and local shear failure mechanism). In 
relation to the discussion of common shear failure modes, it must be emphasized that the 
observed failure mechanism in a particular foundation load test commonly depends on a number 
of factors that include the compressibility of soil or rock and the depth of embedment of the 
foundation (Vesic, 1963; Vesic, 1973; Peck et al., 1974; Terzaghi et al., 1996) as well as the 
shear strength of the soil or rock. For example, a foundation on dense sand commonly 
experiences a general shear failure mode. However, if the same foundation in the same soil is 
placed at a greater depth, it most likely exhibits a local shear failure. Such change in the failure 
mechanism (failure mode) for foundations in weathered Sydney siltstone was observed by 
Williams (1980) as the depth of embedment of these foundations increased. Study of the shape of 
the q-z relationships for drilled shafts and plate load tests in soft rock (see Appendix A for q-z 
relationships) and evaluation of the observed shear surfaces for drilled shaft and plate load tests 
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in weathered Sydney siltstone by Williams (1980) (see Chapter 9) and the discussions provided 
in Chapter 9 indicate that a general shear failure mode (Terzaghi, 1943) is unlikely for the range 
of foundation displacements and depths of embedment at which the load tests are commonly 
terminated, for the range of the service loads that are experienced by most bridge pier 
foundations socketed in soft rocks and for the weathering state and resulting increase in 
compressibility of soft rocks in which these drilled shafts are built. Therefore, three main factors 
heavily control the failure modes that actually mobilize under a drilled shaft tip in soft rock: 
 
1. Increase in compressibility and softening: the softening of rocks that is a result of i) 
erosion, subsequent swelling and increase in in situ water content (Cepeda-Diaz, 1987; 
Mesri and Shahien, 2003), and ii) weathering by chemical and physical processes 
increases the compressibility of the parent rock material. It has been confirmed by 
experiments that foundations on more compressible material fail by punching or local 
shear failure rather than by a general shear failure mechanism.  
2. Displacements at the service condition: Vesic (1973) indicates that the foundation 
settlement of the order of 3 to 7% of the foundation diameter (B) in clays to more than 
25% of the foundation diameter in deep footings in sand is required to mobilize a general 
shear failure mode. Load tests by Williams (1980) in soft and highly weathered Sydney 
siltstone showed that at settlements of approximately 5% to 20% of the foundation 
diameter, the rock is nowhere near experiencing a general shear failure as indicated by 
the strength hardening shape of the q-z relationships. Therefore, the mobilization of a 
general shear failure mode is improbable at the range of service loads that we are 
interested in. The lack of sufficient lateral displacements and their effects on the 
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mobilization of general shear failure mechanism was also emphasized by Terzaghi 
(1943). 
3. Depth of embedment: as the depth of embedment increases, the failure mode changes 
from a general shear failure mechanism to a punching shear failure mode (Vesic, 1963). 
 
Numerous solutions have been proposed in the technical literature for the evaluation of 
the bearing capacity of foundations. One of the well-known solutions is that of Terzaghi (1943) 
bearing capacity formula that was later modified by others (e.g., Meyerhof, 1963; Vesic, 1963; 
Hansen, 1970; Vesic, 1973) to account for foundation shape, shear strength of overburden soil, 
load inclination and other factors that were not included in Prandtl (1920) and Terzaghi (1943) 
original formulation. This equation was developed assuming that a general shear failure mode 
will take place underneath the foundation and that the penetration of the foundation into the soil 
will mobilize a complete passive wedge on both sides of the foundation base (see Figure 10.24). 
This solution (that consists of the Terzaghi 1943 solution and additional correction factors 
proposed by Vesic 1963 and 1973) is discussed in Chapter 2 and is reproduced here for the 
readers’ reference 
 
q = cNc sc dc + σvNqsqdq +
1
2
γBNγsγdγ        (10-16) 
 
where Nc, Nq and Nγ are the bearing capacity factors that were initially introduced by Terzaghi 
(1943) and account for the surcharge effect of the overburden soil, shearing strength at the 
“contact faces” (Terzaghi, 1943) ad and bd in Figure 10.24 and the mobilized passive soil 
pressure in zone 3 in Figure 10.24, sc, sq and sγ are the shape factors that account for the shape of 
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the foundation, dc, dq and dγ are the depth factors that account for the increase in each term in 
Equation 10-16 due to the shear strength of the soil above the level of the base of the foundation 
(Vesic, 1973), c is the cohesion intercept of the geomaterial, γ is the unit weight of the 
geomaterial, B is the diameter of the foundation and D is the depth of embedment below ground 
surface. Closed form solutions have been proposed for the bearing capacity factors Nc, Nq and 
Nγ. 
The bearing capacity factors are commonly represented as functions of internal friction 
angle (φ') of the geomaterial (Terzaghi, 1943) and are often obtained theoretically. However, an 
approximate approach may be used to check the validity of the existing solutions for the case of 
drilled shafts in soft rock mass. For this purpose, we use the plate load tests or drilled shaft load 
tests from the tip resistance database that were conducted at shallow depths. The tip resistance 
database (see Appendix A) is used for this evaluation and the followings are noted: 
 
1. Review of the back-analyzed rock properties in Chapter 3 and Appendix A shows that the 
cohesion intercept (c'm) for the soft rock mass is commonly very small (i.e., c'm < 0.1 qu). 
This is due to weathering, stress release during the geologic processes and subsequent 
swelling and softening. Moreover, it is shown by analysis in Chapter 9 and confirmed by 
in situ observations of Williams (1980) that failure mechanism under the drilled shaft 
leads to formation of vertical cracks; existence of such cracks in the zone that contributes 
to the bearing capacity has been shown to significantly alter the cohesion intercept of stiff 
clays (e.g., London clay as discussed in detail by Terzaghi et al., 1996) and soft rocks. 
Therefore, based on the above discussions and the weathered and cracked nature of the 
soft rock masses in the case histories used in this study, it is reasonable to assume that the 
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term involving cohesion intercept in Equation 10-16 does not contribute much to the 
overall bearing capacity of these foundations. 
2. Vesic (1963, 1973) showed that the effect of embedment (Nq term) is small because γD 
term for relatively shallow foundations is small. Therefore, the term in Equation 10-16 
that involves Nq may also be neglected. Moreover, a review of Terzaghi’s derivations in 
“Theoretical Soil Mechanics” (Terzaghi, 1943) clearly indicates that the term Nq is also 
related to the passive wedges that in theory should mobilize on either sides of the 
foundation base (see Figure 10.24). Because the horizontal compression of the 
geomaterial underneath the base of the foundation is small (Terzaghi, 1943), that is 
supported by Williams (1980) observations (see Chapter 9), the formation of the 
complete passive wedge as shown in Figure 10.24 is unlikely and thus the contribution of 
the term involving Nq becomes insignificant or in some cases irrelevant. 
 
Based on these assumptions, one may simplify the solution in Equation 10-16. The 
advantage of this simplification is that the unknowns in Equation 10-16 reduces from three (Nc, 
Nq and Nγ) to only one (i.e., Nγ) and thus one may readily solve for the empirical values of Nγ. 
The validity of this exercise is evaluated by comparing the theory and the back-calculated Nγ 
based on Equations 10-17 and 10-18. The simplified equation is shown below 
 
q ≅ 0.3× γ ×B× Nγ           (10-17) 
 
Equation 10-17 may now be used to back-calculate the bearing capacity factor Nγ for the 
purpose of the evaluation of the current closed form solutions. For this, the interpreted failure 
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pressure (or equivalently, the fracture initiation pressure (qf) from Hirany (1988) (qf or q2) is 





          (10-18) 
 
The back-calculated (empirical) values of Nγ are superposed on the theoretical solutions 
for Nγ that are shown in Figure 10.17. This figure shows that the back-calculated Nγ are 
considerably larger than the theoretical solutions. This is consistent with the findings of 
Paikowsky et al. (2010) who also concluded that the back-calculated Nγ is larger than those 
predicted based on theoretical solutions. The following conclusions may be made: 
 
1. Analysis presented above clearly shows that other factors in addition to Nγ should 
contribute to the overall bearing capacity. 
2. Analysis presented in Chapter 9 shows that the increase in the lateral pressures around the 
cracked zone (see Chapter 9) significantly contributes to the bearing capacity. This effect 
may not be accounted for only by Nγ term. 
3. The Nq term accounts for the increase in lateral pressures around the aforementioned 
zone, however, the available values of Nq in the literature correspond to the ultimate 
condition and do not apply to the displacement levels that are expected at the onset of 
mobilization of qf and at service load conditions. 
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Peck et al. (1974) proposed a relationship between the allowable bearing pressure of 
foundations on unweathered and sound rock masses and the Rock Quality Designation (RQD). 
The use of this correlation (see Table 10.7 or Peck et al., 1974; Kulhawy and Goodman, 1987) 
results in foundation settlements that are less than 13 mm (Peck et al., 1974; Kulhawy and 
Goodman, 1987). GSI of rock mass for each load test is converted to RQD based on the 
recommendations of Hoek et al. (2013). The relationship proposed by Peck et al. (1974) is 
plotted in Figure 10.18, and q1 and q2 data (qy and qf as per discussion of Chapter 9, 
respectively) from the tip resistance database case histories interpreted using the Terzaghi (1943) 
and Hirany (1988) methods and the estimated RQD values are also shown. The comparison of 
the data from 190 load tests (i.e., plate, O-cell and drilled shaft load tests) with the proposed 
method of Peck et al. (1974) shows that this method may be used to predict q2 (i.e., fracture 
initiation pressure, qf) for drilled shafts in soft rock masses. The examination of Figure 10.18, 
however, reveals a great amount of scatter around the mean correlation proposed by Peck et al. 
(1974). The followings may be concluded: 
 
1. The scatter indicates that in addition to the RQD, that is mainly a measure of the joint 
frequency (Pells et al., 2017) in the soft rock mass, other rock mass properties (i.e., rock 
mass friction angle φ'm) as well as joint and fissure alteration, drilled shaft geometry (i.e., 
drilled shaft diameter) and displacement to mobilize qf may also be important. These 
parameters are missing in Peck et al. (1974) predictive equation. Moreover, it must be 
noted that the method of Peck et al. (1974) was originally developed for “unweathered 
and sound rock masses” and therefore should not be used for soft rocks. 
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2. The effect of RQD on the overall rock mass behavior is more significant for sound rock 
masses compared to soft rocks. This is because in soft rock, the strength of the intact rock 
blocks and discontinuities are not significantly different from one another and thus the 
overall behavior is not heavily controlled by the strength of discontinuities. 
 
Sowers (1979) solutions for the case of shallow foundations on rock masses are discussed 
in Chapter 2 and are schematically shown in Figure 10.19. These solutions were proposed for 
situations where joint spacing (S) is less than the foundation size (i.e., drilled shaft or ingeneral 
foundation diameter, B). Accordingly, when rock joints are vertical, open and S < B, the bearing 
capacity is obtained from the following expression 
 
qb = qu = 2 × c'm× tan(45
! + φ 'm
2
)         (10-19) 
 
and when the joints are vertical, closed and S < B, the bearing capacity is evaluated using the 
following expression 
 
q = cmNcsc +
B
2
γNγsγ + γDNqsq         (10-20) 
 
where all variables in Equations 10-19 and 10-20 are defined in Chapter 2. The models proposed 
by Sowers (1979) are plotted in Figures 10.20 and 10-21 for different values of rock mass 
cohesion intercept (c'm) and friction angle (φ'm). The q1 and q2 values (obtained from q-z 
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relationships collected from literature and reported in Appendix A) are also superposed on these 
figures. Examination of Figures 10.20 and 10.21 shows that: 
 
1. These models cannot properly represent the actual variation of q1 (qy) and q2 (qf) with 
the rock mass friction angle for drilled shafts in soft rock masses. 
2. The significant scatter in the plots of q1 and q2 versus friction angle indicates that other 
factors in addition to the friction angle and the cohesion intercept must affect q1 and q2 
that are missing in the above proposed models. 
3. The inability of Sowers (1979) methods to properly predict the tip resistance in soft rocks 
can also be attributed to assumed failure mechanism that is used to develop the above 
proposed design equations. 
 
Bishnoi (1968), using laboratory load tests on artificial rock masses assembled from rock 
blocks, proposed a model for prediction of the bearing capacity of shallow foundations on rock 
mass where the joints are vertical and S > B. The “assumed” failure mechanism is shown in 
Figure 10.22. The model of Bishnoi (1968) was discussed in Chapter 2 and is reproduced here 
for the reader’s reference 
 
q = J × c 'm× Ncr           (10-21) 
 





           (10-22) 
 
Analysis in Chapter 9 showed that for all practical purposes, the drilled shaft load tests in 
Appendix A are conducted under drained to partially drained conditions. Therefore, drained rock 
properties (drained cohesion intercept) are used in Equations 10-21 and 10-22. Equation 10-22 is 
now used to back-calculate J using the tip resistance database (Appendix A). For this purpose, 
we set q in Equation 10-22 equal to the fracture initiation pressure (qf). The back-analyzed J 
values are superposed on the variation of J with the ratio of H/B that was proposed by Bishnoi 
(1968) and is shown in Figure 10.23. The joint spacing for each case history is estimated using 
the model proposed by Priest and Hudson (1976) that gives the joint frequency per 1 m of rock 
mass. Examination of Figure 10.23 indicates that the method of Bishnoi (1968) is not suitable for 
estimation of the bearing capacity of drilled shafts in soft rock mass. 
 
10.5.3.2 Development of model for fracture initiation pressure (qf) 
This section describes the development of a predictive method for fracture initiation 
pressure (qf). Theoretical and empirical methods have been used traditionally to predict the 
bearing capacity of foundations. These methods are discussed in Chapter 2, evaluated in Chapter 
6 and are further discussed in the previous sections of this chapter. Most of the theoretical 
methods are based on limit equilibrium approach (see Bishnoi, 1968; Couetdic and Barron, 1975; 
Sowers, 1979; Zhang and Einstein, 1998; Turner, 2006) and assume a complete state of plastic 
equilibrium (Prandtl, 1920; Terzaghi, 1943) in their formulation. Two examples from the 
literature are discussed herein to further examine the validity of the assumed shear surface shapes 
in limit equilibrium approach commonly used in the technical literature: 
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1. Williams (1980) observed an inverted and truncated cone-shaped failure surface 
underneath the examined drilled shaft load tests in weathered Sydney siltstone. This field 
evidence suggests that the actual failure mechanism (i.e., shear surface shape) on either 
sides of the base of rock sockets may be significantly different from the assumed shape of 
shear surface in solutions formulated in accordance to the limit equilibrium approach 
(e.g., Figure 10.24) that commonly assumes a general shear failure. Moreover, field 
observations show that the failure surface does not extend above the base of the 
foundation. Figure 10.24 shows the assumed shear surface in Terzaghi (1943) bearing 
capacity theory and Figure 10.25 shows the evaluation of the Terzaghi’s theory using the 
back-calculated fracture initiation pressure (qf or equivalently q2) values from the tip 
resistance database (Chapter 3 or Appendix A). This figure indicates that Terzaghi (1943) 
method cannot accurately predict the fracture initiation pressure (qf). This is because by 
the time that qf is mobilized, the assumed failure mechanism in Terzaghi (1943) method 
has not formed. The large amount of scatter in Figure 10.25, however, supports the 
argument that the shear surface that should be used in a limit equilibrium analysis to 
develop a model for qf (i.e., q2) does not correspond to that shown in Figure 10.24. 
Terzaghi (1943) indicated that when “horizontal compression of the soil located 
immediately below the level of the base of the footing, on both sides of the base, is not 
great enough” the “plastic equilibrium within the entire upper part of the zone aef ” 
shown in Figure 10.24c will not materialize. Small lateral strains and principally vertical 
deformations under deep foundations and lack of presence of a general shear failure 
mode in rocks has also been documented by Ladanyi (1972). Analysis presented in 
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Chapter 9 also points to a failure mechanism that is fundamentally different from that 
shown in Figure 10.24. Based on the above observations, one of the most important and 
pivotal assumptions (i.e., mobilizations of passive soil pressures) of Terzaghi (1943) 
theory will not hold true in drilled shaft foundations in soft rock masses mainly because 
embedment of the drilled shaft tip in soft rock mass and increased compressibility of rock 
mass due to weathering will favor a local or punching shear failure rather than a general 
shear failure mechanism. 
2. Meyerhof (1951) compared the predicted and measured bearing capacities of deep 
foundations in soft clay assuming an undrained failure. Meyerhof (1951) predicted the 
bearing capacity using the following expression 
 
q = Su × Nc + σv          (10-23) 
 
where Su denotes the undrained shear strength of soil, Nc is the bearing capacity factor 
and σv denotes the total overburden pressure at the tip of drilled shaft. Meyerhof (1951) 
evaluated the bearing capacity factor Nc in accordance to an assumed failure mechanism 
(i.e., shear surface) that is reproduced in Figure 10.26 (reproduced from Meyerhof, 1951). 
Therefore, this bearing capacity factor accounts for the “potential” contributions of the 
overburden pressure that may be considered as a surcharge that acts on the level of the tip 
of drilled shaft and shear strength of the material above the tip of drilled shafts. Based on 
the analysis of drilled shafts in clays, Meyerhof (1951) concluded that the theoretical 
models based on limit equilibrium method might overestimate the bearing capacity that is 
later confirmed by the analysis of results presented in Serrano and Olalla (2002) for 
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drilled shafts in rocks. This suggests that the assumed shear surface in Figure 10.26 may 
not materialize underneath the tip of a deep foundation (which is in agreement with 
Williams, 1980 observations for soft rocks in Sydney siltstone), even at the instant of 
foundation failure. This is in agreement with the observed shear surfaces by Williams 
(1980) and the conclusions in Chapter 9. This further suggests that rock movement near 
the tip is likely to be principally in the direction of applied axial loads as opposed to the 
assumed outward-upward and rotational movement suggested by many classical bearing 
capacity theories including the derivation of Meyerhof (1951) depicted in Figure 10.26, 
that of Serrano and Olalla (2002) for drilled shafts and that of Terzaghi (1943) for 
shallow foundations. Additionally, Vesic (1963) has pointed out that “not a single test 
ever indicated failure surfaces [under drilled shafts or pile load tests] reverting to the 
shaft.” Vesic (1963) has suggested that as depth of embedment increases, the governing 
failure mode is punching shear failure that means failure mechanism is localized to the 
immediate vicinity of the foundation base. For circular foundations, Vesic (1963) has 
suggested that this “critical depth” is approximately equal to 4B, where B is foundation 
diameter. Meyerhof (1950), Meyerhof (1951) and Ladanyi (1972) attributed this down-
ward-only movement to the compressibility of the geomaterial under the tip of drilled 
shafts leading to a local shear failure and local cracking and subsequent compaction of 
the geomaterial. It was mentioned earlier that the alteration of the rock mass structure by 
weathering agents, production of the secondary structure and the subsequent increase in 
compressibility in soft rocks may also contribute to observed failure mechanisms and 
their deviation from the classical general shear failure proposed by Terzaghi (1943). 
Analysis in Chapter 9 confirms that the mode of failure is by formation of vertical cracks 
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under the drilled shaft tip that leads to movements that are principally vertical which take 
place by sliding of the adjacent rock columns on the vertical cracks. Analysis performed 
in the previous sections and examination of the bias (λ) of some of these models from 
Chapter 6, however, shows that methods based on limit equilibrium may sometimes 
underestimate and sometimes overestimate the bearing capacity by large margin. 
 
Due to the limitations of theoretical methods, empirical equations have been traditionally 
used to estimate the values of bearing capacity (e.g., e.g., Bishnoi, 1968; Vesic, 1973; Peck et al., 
1974; Peck, 1976; Rowe and Armitage, 1987; Carter and Kulhawy, 1988; ARGEMA, 1992; 
Zhang, 1997; Abu-Hejleh and Attwooll, 2005; Stark, Long and Assem, 2013; Lee et al., 2013). 
Rowe and Armitage (1987) reviewed the available literature and proposed that the maximum tip 
resistance for drilled shafts in soft rock may be estimated as follows 
 
q = 2.5× qu            (10-24) 
 
where q is the deterministic predictive model. Figure 10.13 and tests in isotropic rock (Goodman, 
1980; Kulhawy and Goodman, 1987) shows that maximum tip resistance is mobilized at 
displacements of approximately 5% of drilled shaft diameter (B) which roughly corresponds to 
the qf value presented in Figure 10.5. Evaluating Equation 10-13 at this displacement yields a 
relationship very similar to that proposed by Rowe and Armitage (1987). In this study, the 
method of Rowe and Armitage (1987) is used as the deterministic model for the fracture 
initiation pressure (qf). 
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The variation of back-calculated fracture initiation pressure (qf), with fundamental 
variables describing the rock properties and rock socket geometry are shown in Figures 10.27 
and 10-28. These figures show that the fracture initiation pressure in tip resistance increases with 
qu, GSI, c'm and φ'm and displacement (z). Embedment depths, DGS and DTOR, appear to be of 
secondary importance that is in agreement with the work of Vesic (1963), Vesic (1973) and 
Kulhawy and Goodman (1987) and the discussions presented in Chapter 9 and in the previous 
sections of this chapter. Based on the drilled shaft and plate load test results in soft rocks, the 
following explanatory functions are considered: h1 = 1, h2 = Ln(qu/Pa), h3 = Ln(DGS/B), h4 = 
Ln(DTOR/B), h5 = Ln(c'm/qu), h6 = Ln(Em/qu), h7 = Ln(GSI), h8 = tan (φ'm) and h9 = Ln(zf/B). The 
available load test data are used to evaluate the effectiveness of the correction terms in 
decreasing the bias in Equation 10-24 due to the missing model parameters. The stepwise 
deletion process (Gardoni et al., 2002) is shown in Figure 10.30. The final form of the design 
equation is shown below 
 




















     (10-25) 
 
Table 10.8 shows the statistics of the probabilistic model shown in Equation 10-25. A 
comparison between deterministic model (i.e., Rowe and Armitage, 1987 or Equation 10-24) and 
probabilistic model (Equation 10-25) is shown in Figure 10.31. The comparison of the 
probabilistic and deterministic models in Figure 10.31 shows that the model proposed in 
Equation 10-25 can provide unbiased estimates of the interpreted failure pressure and is less 
conservative and more accurate than the current models. 
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The displacement for mobilization of the interpreted failure pressure may be obtained 
from Figure 10.29. The predictive model for zf (or equivalently z2) is shown below 
 
zf = z2 = 445.7× Em
−0.586          (10-26) 
 
In Equation 10-26, zf (in mm) is the displacement required to mobilize qf and Em (in 
MPa) is the modulus of deformation of soft rock mass. It is noted that zf is a function of rock 
mass properties. This finding is expected and indicates that the degree of weathering and the 
subsequent increase in compressibility (or deformability) of the rock mass (as indicated by the 
modulus of deformation of rock mass, Em) and zf are inversely correlated. Because the GSI 
values for the case records vary significantly in the tip resistance database, it is also expected that 
the required displacements (zf) vary significantly from one case record to another. The 
dependence of the displacement to mobilization of the failure pressure on geomaterial 
compressibility is also reported by Vesic (1963). Vesic (1963) has related the displacement 
required to mobilize failure pressure to dry unit weight for sands and has shown that as dry unit 
weight increases, the required displacement for mobilization of failure decreases. It was shown 
in Chapter 5 that unit weight and modulus of deformation of soft rocks are related. A denser rock 
has a larger modulus of deformation. The trends in relationships between modulus of 
deformation and zf (see Figure 10.29) is in good agreement with the relationship between 
displacement and dry density observed by Vesic (1963) for foundations in sand. 
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10.6 A Note on Scale Effect 
It is noted that tip resistance and tip pressure-displacement relationships are not strongly 
related to the size of the foundation. In other words, scale effect as observed in the case of strong 
rocks do not contribute significantly to tip resistance of drilled shafts in soft rock. Barton and 
Choubey (1977) emphasized the effect of scale as follows: 
 
“An approximate tenfold reduction in strength is documented for coal, and for a rather 
porous quartz diorite. Denser rocks such as norite, basalt, marble, limestone, and iron ore, 
though not studied over such a range of sample sizes, show markedly less tendency 
towards a scale effect.” 
 
The lack of significant scale dependency in the behavior of drilled shafts in soft rocks 
may be related to the fact that they can be associated with the denser groups of rocks as noted by 
Barton and Choubey (1977). Another explanation may be that the shear strength of the intact 
rock blocks is close to that of joints and other types of discontinuities due weathering. As a 
result, joints will not govern the shear strength of the rock mass and thus the size of the 
foundation relative to the spacing and frequency of the discontinuities is not as important as in 
strong rocks. 
Scale effect, however, manifests itself when the results of very small diameter load tests 
are compared with those of large diameter drilled shaft and plate load tests (see Figures 10.51 
and 10-52). When the diameter is small, the intact rock mass is tested rather then the rock mass 
and thus abnormally large pressures are mobilized. 
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10.7 Concluding Remarks 
A comprehensive review of the published drilled shaft axial load tests in soft rock was 
conducted and a load test database was compiled that includes information on drilled shaft 
geometry, intact and mass properties of soft rock and load-displacement information at the tip of 
each drilled shaft and plate load test. The current predictive methods in relation to tip resistance 
of drilled shafts in soft rock were evaluated using the compiled database and statistical analysis 
was used to show that the current models provide biased predictions of initial normal stiffness, 
yield pressure and failure pressure for tip resistance of drilled shafts in soft rock. Enhanced 
models were proposed by adding corrections terms to deterministic models to improve their 
predictive capacity using new information that is available in the drilled shaft database. Model 
parameters were estimated using the maximum likelihood approach and statistics of the model 
parameters are included that may be used in a reliability analysis to develop resistance factors for 









Table 10.1 Summary of tip resistance database (see Appendix A, all data from literature) 
Database component Description 
Type of soft rock Sandstone and siltstone 
Shale, mudstone and claystone 
Limestone and chalk 
Tuff, schist, granite, diabase and hard clay 
Unconfined compressive strength (qu) 0.1 < qu < 32.4 MPa 
Rock quality designation (RQD) 20 < RQD < 100% 
Geological strength index (GSI) 20 < GSI < 70 
Rock mass friction angle (φ'm) 14 < φ'm < 45 degrees 
Rock mass cohesion intercept (c'm) 0.33 < c'm < 625 kPa, c'm,avg = 68.1 kPa 
Back analyzed modulus of deformation (Em) 4 MPa < Em < 14 GPa 
Socket geometry 100 < B < 2500 mm 
0 < DGS < 53 m 
0 < DTOR < 48 m 
Test shaft concrete 20 < f’c < 55 MPa 
10 < Ec < 42 GPa 
Slump: 25 to 229 mm 
Load test method Osterberg tests, conventional top loaded tests 









Table 10.2 List of proposed correction terms for q-z relationship 




h1 1 ✕ ✕ 
h2 Ln (qu/Pa) ✕ ✕ 
h3 Ln (DGS/B) ✕ ✕ 
h4 Ln (DTOR/B) ✕ ✕ 
h5 Ln (Em/qu) ✕ ✕ 










Table 10.3 Statistics of the parameters in the tip resistance initial normal stiffness (Kn) 
probabilistic model 
Parameter Mean St. dev. Correlation coefficient 
θ1 θ2 θ5 σ 
θ1  −0.105 0.224 1    
θ2  0.018 0.037 −0.81 1   
θ5 0.122 0.033 0.95 −0.94 1  










Table 10.4 Statistics of the parameters in the tip resistance yield pressure (qy) probabilistic 
model 
Parameter Mean St. dev. Correlation coefficient 
θ1 θ5 θ6 σ 
θ1  −0.329 0.0917 1    
θ5 0.574 0.034 −0.43 1   
θ6  −0.771 0.054 −0.06 −0.78 1  









Table 10.5 Principal theoretical studies and the corresponding solutions for the bearing 
capacity of foundations (after Vesic, 1973) 
Plane-strain case Axially-symmetrical case 
Sokolovskii (1940, 1960) Ishlinskii (1944) 
Terzaghi (1943) Berezantsev (1952) 
Mizuno (1948) Mizuno (1953) 
Meyerhof (1948, 1951, 1955) Shield (1955) 
Caquot and Kerisel (1949, 1953, 1956) Eason and Shield (1960) 
Lundgren and Mortensen (1953) Cox et al. (1961) 
Gorbunov-Possadov (1952, 1965) Cox (1962) 









Table 10.6 Principal experimental studies and the corresponding solutions for the bearing 
capacity of foundations (after Vesic, 1973) 
Methods based on static loading approach 
Meisheider (1940) 
Meyerhof (1948) 
Davis and Woodward (1949) 
Muhs and Kahl (1954, 1957, 1961) 
De Beer and Vesic (1958) 
De Beer and Ladanyi (1961) 
Feda (1961) 
L’Herminier et al. (1961, 1965) 
Vesic (1963, 1967) 








Table 10.7 Relationship between allowable foundation pressure and Rock Quality 
Designation (RQD) for unweathered rock masses (table after Peck et al., 1974 or 
Peck, 1976) 
 

















Table 10.8 Statistics of the parameters in the tip fracture initiation pressure (qf) probabilistic 
model 
Parameter Mean St. dev.  Correlation coefficient 
θ1 θ2 θ6 θ7 θ9 σ 
θ 1  -0.1357 1.9945 1      
θ 2  -0.3123 0.5367 -0.9962 1     
θ 6 0.3956 0.1532 -0.9857 0.9819 1    
θ 7  0.3135 0.0693 0.8135 -0.7777 -0.8723 1   
θ 9  0.4788 0.0566 0.1712 -0.0863 -0.1477 0.4455 1  







Figure 10.1 Variation of modulus of deformation of rock mass (Em) with unconfined 
compressive strength (qu) for soft rock based on back-analysis of field plate load 
tests and t-z and q-z relationships of drilled shaft load tests (data obtained from 
published literature: plate load tests from Chern et al., 2004 and drilled shaft load 







Figure 10.2 Variation of modulus of deformation of rock mass (Em) with Geological Strength 
Index (GSI) and evaluation of Hoek and Diederichs (2006) correlation (all data 
from published literature: Bieniawski, 1978; Serafim and Pereira, 1983; Stephens 






Figure 10.3 Variation of Poisson’s Ratio (ν) with unconfined compressive strength (qu) for 









Figure 10.4 L1-L2 method proposed by Hirany, 1988 (concept after Terzaghi, 1943; Hirany, 








Figure 10.5 Variation of ratio of displacement to drilled shaft diameter required to reach qy or 
qf stress levels in tip resistance with drilled shaft diameter, B (all data from 







Figure 10.6 Commonly used techniques for normalization of q-z data (all data from published 





Figure 10.7 Technique for normalization of tip resistance load-transfer functions (figure with 





Figure 10.8a Normalization of pressure-displacement functions of the tip resistance database 
(after the method of Williams, 1980, with modifications as described in the text, 










Figure 10.9 Effect of different variables on initial normal stiffness (Kn). Data plots were 
generated by distinguishing between fine- and coarse- grained rocks (all data from 








Figure 10.10 Stepwise deletion process for the initial normal stiffness model (Kn) of rock 






Figure 10.11 Comparison of the predicted and measured values of Kn using the deterministic 





Figure 10.12 Effect of soft rock properties and drilled shaft geometry on yield pressure (qy). 
Data are plotted by distinguishing between fine- and coarse- grained rocks (all 







Figure 10.13 Method of Stark, Long and Assem (2013) for bearing capacity of drilled shafts in 

















Figure 10.15 Comparison of the predicted and measured values of qy using the deterministic 
and enhanced probabilistic models (all data from published literature. Data are 




Figure 10.16 Observed modes of failure for foundations: (a) general shear failure, (b) local 







Figure 10.17 Comparison of the back-analyzed Nγ and those suggested based on theory (all 








Figure 10.18 Comparison of the method of Peck et al. (1974) with the q1 (or qy) and q2 (or qf) 
values from the tip resistance database (all data from the published literature and 








Figure 10.19 Failure modes proposed by Sowers (1979) for shallow foundations on rock 








Figure 10.20 Comparison of the model of Sowers (1979) for foundations on rock masses with 
vertical open joints when S < B with the q2 (qf) data from the drilled shaft tip 








Figure 10.21 Comparison of the model of Sowers (1979) for foundations on rock masses with 
vertical closed joints when S < B with the q2 (qf) data from the drilled shaft tip 







Figure 10.22 Failure modes proposed by Bishnoi (1968) for shallow foundations on rock 






Figure 10.23 Comparison of J from the model of Bishnoi (1968) (for foundations on rock 
masses with vertical joints when S > B and assuming that little stress is 
transferred across the joints) with back-analyzed J (= q2/c'mNcr) from the drilled 
shaft tip resistance database (all data are from the published literature and are 







Figure 10.24 Proposed bearing capacity mechanism for continuous shallow foundations based 





Figure 10.25 Evaluation of the Terzaghi (1943) general shear failure bearing capacity theory 
using qf (i.e., q2) data from tip resistance database (all data from published 






Figure 10.26 Failure mechanism near the tip of a deep foundation based on limit equilibrium 






Figure 10.27 Variation of fracture initiation pressure (qf) for tip resistance of drilled shafts in 
soft rock with different measurable variables (all data from published literature 









Figure 10.28 Variation of qf (q2) with corresponding tip displacement, z2 (or zf) (all data from 








Figure 10.29 Variation of z2 (zf) with the modulus of deformation or rock mass, Em (all data 










Figure 10.30 Stepwise deletion process for the fracture initiation pressure (qf) for tip resistance 





Figure 10.31 Comparison of the predicted and back-calculated values of qf using the 
deterministic and enhanced probabilistic models (all data from published 
literature and reported in Appendix A). 
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10.10 Supplementary discussion: discussion of the proposed q-z approach 
The available methods for normalization of q-z relationships are shown in Figure 10.6 
and it is concluded that these methods could not successfully be used to normalize the 
displacement- stress relationships for the tip of drilled shaft in soft rock masses. Williams (1980) 
proposed a new approach for normalization of q-z relationships. While the original method of 
Williams (1980) was able to successfully normalize the q-z relationships for drilled shafts in soft 
rocks, it has some limitations: 
 
1. The elastic and plastic stresses are normalized using a stress that is mobilized underneath 
the tip of drilled shafts at a displacement of 1% of the drilled shaft diameter (B). This 
stress, however, is not related to the fundamental parameters that govern the 
deformational behavior of the soft rock mass. 
2. Williams (1980) did not provide any recommendations for estimation of the tip stress at a 
displacement of 1% of the drilled shaft diameter (B). Thus, the original method proposed 
by Williams (1980) cannot be readily used in design of drilled shaft foundations in soft 
rock masses. 
 
A modified version of Williams (1980) method is proposed in this study (Figures 10.7 
and 10-8) where the elastic and plastic stresses are normalized with the yield pressure of the rock 
mass under the tip of the drilled shaft. It is recognized that behavior of drilled shaft tip on soft 
rock masses is highly non-linear and thus this non-linearity should be accounted for by any 
proposed predictive method for q-z relationship. Following the proposed method of Williams 
(1980), the behavior of drilled shaft tip is assumed to be elastic and then a series of plastic 
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stresses will be subtracted from each elastic stress increment to capture the true non-linear 
behavior for the tip of drilled shafts in soft rocks. It was proposed earlier in this chapter that the 
best parameter for normalization of elastic and plastic stresses for purpose of estimating the 
plastic stress is the characteristic stress at which the structure of rock mass under the tip of 
drilled shaft yields. The most important question at point is that “does a better approach exist for 
prediction of the plastic stress?” Figures 10.32 to 10.50 are used to investigate other means of 
normalization of the elastic and plastic stresses and to show that the proposed approach in 
Figures 10.7 and 10.8 is indeed the most appropriate method for normalization purposes and for 
prediction of the plastic stress. A review of data presented in Figures 10.32 to 10.50 shows that 
the predicted value of plastic stress is subject to a greater degree of uncertainty had it been 
predicted using any of the relationships shown in aforementioned figures due to the significant 
data scatter. This is mainly because the elastic and plastic stresses in Figures 10.32 to 10.50 are 
not correlated to a fundamental parameter that relates to the rock mass behavior. The method 
shown in Figure 10.7, on the other hand, uses a fundamental parameter, namely the yield stress 





Figure 10.32 Relationship between normalized plastic stress and displacement (all data are 





Figure 10.33 Relationship between plastic stress and elastic stress (all data are from published 




Figure 10.34 Relationship between plastic stress and normal stiffness (all data are from 





Figure 10.35 Relationship between plastic stress and rock mass cohesion intercept (all data are 




Figure 10.36 Relationship between plastic stress and normalized rock mass cohesion intercept 




Figure 10.37 Relationship between plastic stress and rock mass friction angle (all data are from 




Figure 10.38 Relationship between plastic stress and Geological Strength Index (all data are 




Figure 10.39 Relationship between plastic stress and modulus of deformation of rock mass (all 




Figure 10.40 Relationship between plastic stress and unconfined compressive strength (all data 




Figure 10.41 Relationship between plastic stress and shaft diameter (all data are from published 




Figure 10.42 Relationship between plastic stress and qe-j/qu (all data are from published 




Figure 10.43 Relationship between plastic stress and qe-j/B (all data are from published 




Figure 10.44 Relationship between plastic stress and qe-j/DGS and qe-j/DTOR (all data are from 




Figure 10.45 Relationship between plastic stress and qe-j/Em (all data are from published 




Figure 10.46 Relationship between qp-j/qu and qe-j/qu (all data are from published literature and 




Figure 10.47 Relationship between qp-j/B and qe-j/B (all data are from published literature and 




Figure 10.48 Relationship between qp-j/DGS and qe-j/ DGS (all data are from published literature 




Figure 10.49 Relationship between qp-j/DTOR and qe-j/ DTOR (all data are from published 




Figure 10.50 Relationship between qp-j/Em and qe-j/ Em (all data are from published literature 













Figure 10.51 Scale effect for tip resistance (all data are from published literature and reported 










Figure 10.52 Scale effect for tip resistance (all data are from published literature and reported 
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SIDE RESISTANCE OF ROCK SOCKETS 
IN SOFT ROCK MASS: DESIGN 
 
11.1 Introduction 
Drilled shaft foundations are often used to transfer large loads from the superstructure to 
the ground when surface soils are compressible or are prone to scour. When such conditions 
exist, drilled shafts are often socketed into competent bedrock to satisfy requirements for axial 
resistance and stiffness. Socketing drilled shafts into competent bedrock can be difficult and 
costly. Alternatively, the axial capacity of drilled shafts may be developed by socketing them 
into soft and weathered rock mass (Buttling, 1976) that exists in the zone between the residual 
soils and the more competent and fresh bedrock. Drilled shafts that are socketed into soft rocks 
may develop a substantial portion of their axial resistance from side resistance (Moore, 1964; 
Dvorak, 1966; Morton, 1969; Brown, 1970; Gibson, 1973; Aurora and Reese, 1976; Horvath and 
Kenney, 1976; Ladanyi, 1977), especially under typical service loads in building and bridge 
structures. This component of resistance is mobilized along the shear surfaces on the perimeter 
of the rock socket. Determination of shear strength and deformational properties of these shear 
surfaces in drilled shafts is a complex problem that is largely similar to the classical problem of 
friction of contacting surfaces. Early works on friction of surfaces in contact includes those of 
Amontons (1699) and Coulomb (1785) who proposed that the friction developed at the interface 
is predominantly due to interactions at surface irregularities (Rabinowicz, 1995). The contact 
between these irregularities is a result of the presence of normal stresses that act on these 
surfaces. 
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Existing predictive models for the side resistance in rock sockets are commonly empirical 
because they are based on drilled shaft load tests (e.g., Rosenberg and Journeaux, 1976; Horvath 
and Kenney, 1979; Kaderabek and Reynolds, 1981; Jubenville and Hepworth, 1981; Williams 
and Pells, 1981; Horvath et al., 1983; Rowe and Armitage, 1987; Horvath and Chae, 1989; Toh 
et al., 1989; McVay et al., 1992; Abu-hejleh et al., 2003; Miller, 2003; Kulhawy et al., 2005; 
Kulhawy and Prakoso, 2008; Stark et al., 2013). Some researchers, on the other hand, have 
developed theoretical models to explain the side resistance of drilled shafts in rocks (e.g., 
Kulhawy and Carter, 1992; Hassan and O’Neill, 1997; Seidel and Collingwood, 2001; 
Wainshtein et al., 2008). 
It is mentioned in Chapter 3 that the databases used for empirical methods include a 
combination of soft and strong rocks (e.g., Rosenberg and Journeaux, 1976; Collingwood, 2000). 
These methods often correlate the measured peak shear stress (fsp) on the mobilized shear surface 
to the unconfined compressive strength (qu) measured from unconfined compression tests on 
intact samples of rock. The empirical methods often use the following mathematical form 
 
fsp = α × qu
n            (11-1) 
 
where α and n are empirical constants. The behavior of mobilized shear surfaces in rock sockets 
is similar to friction of contacting surfaces (e.g., natural rock joints). The α value in Equation 11-
1 is usually less than unity. According to Reese and O’Neill (1971), the deviation of shear 
strength of the mobilized shear plane on the perimeter of the rock sockets from the actual shear 
strength of rock may be explained by i) the “remolding of the [socket] walls during the drilling 
[and formation of remolded and smeared materials on the perimeter of the rock socket], ii) the 
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stress relief and opening of cracks and fissures in soil [and rock] during and after drilling, iii) the 
transfer of moisture from wet concrete to the borehole walls and subsequent softening of the 
rock, iv) the use of drilling mud during drilling [and formation of filter cake on the rock socket 
perimeter].” The shear strength of rock joints has commonly been related to the normal stress on 
the joint and the joint surface properties such as roughness and degree of weathering (Patton, 
1966; Byerlee; 1967; Jaeger, 1971; Bandis, 1980; Goodman, 1980; Hoek and Brwon, 1997; 
Parry, 2004). Accordingly, simplified models such as Equation 11-1 may fall short of 
representing the true behavior the shear surfaces on the perimeter of the rock sockets. 
Shear stress-shear displacement (t-z) relationship for drilled shafts in rock has also been 
studied in the past (e.g., Hassan, 1994; Hassan et al., 1997; Seidel, 1993; Collingwood, 2000; 
Seol et al., 2009; Gupta, 2012). The followings may be noted in relation to these models: 
 
1. Current methods are commonly based on the results of laboratory interface tests (e.g., 
Seidel, 1993; Collingwood, 2000; Seol et al., 2009) and not directly based on the results 
of in situ load tests.  
2. Current design frameworks do not provide much guidance for determination of interface 
properties (e.g., initial shear stiffness, Ksi and Fitting Ratio, Rf) that define the t-z 
relationships for drilled shafts in soft rock. 
 
The review of the technical literature in Chapter 2 and the discussions provided in the 
previous paragraphs emphasized some of the limitations of the current design models for side 
resistance in rock sockets. The following databases are used in this chapter to address some of 
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these limitations and to provide design recommendations in relation to the side resistance of 
drilled shaft in soft rock: 
 
1. The drilled shaft axial load test case records in soft rock (see Chapter 3 and Appendix B), 
and 
2. The constant normal stiffness (CNS) direct shear tests conducted mainly on synthetic 
rock/concrete interfaces and results of constant normal stress direct shear tests on rock 
joints (see Chapter 4 and Appendix C). 
 
A review and interpretation of these test results is used to better understand the shear 
strength and deformational properties of the shear surfaces in the perimeter of drilled shafts in 
soft rocks. It must be noted that only the results of in situ load tests are used in the calibration of 
the proposed design equations. The calibration is performed using the Maximum Likelihood 
method and the stepwise deletion process proposed by Gardoni et al. (2002). Recommendations 
will be given for evaluation of the ultimate and serviceability limit states. 
 
11.2 Limit States for Side Resistance 
The meaning and the need for a probabilistic limit state framework was discussed in 
Chapters 8 and 10. It was mentioned in the previous chapters that in design of any foundation 
two important limit states, namely ultimate and serviceability, should be recognized (Meyerhof, 
1951; Allen, 1975; Phoon et al., 2000). The ultimate limit state requires compatibility between 
side and tip resistance. This requirement will affect the form of the resulting predictive models 
for side resistance: 
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1. An approach where the ultimate limit state may be defined based on peak side resistance 
(fsp) and the additional (partial) contribution from tip resistance (see design cases 
discussed in Chapter 10). 
2. An approach where the values of side and tip resistances corresponding to a value of 
allowable axial displacement are obtained from q-z and t-z relationships. 
 
The serviceability limit state is met by comparing the calculated settlements using load 
transfer approach with tolerable settlements. In a probabilistic LSD, a satisfactory design should 
comply with Equations 11-2 and 11-3 
 
φ ×R ≥ γ i ×Qi
i=1
n




ztol ≥ zact            (11-3) 
 
where φ is the resistance factor, R is the total axial resistance, γi and Qi are the ith load factor and 
axial load, respectively. ztol and zact are the tolerable and actual (i.e., calculated) foundation 
settlements, respectively. To adopt probabilistic LSD, probabilistic predictive models are 




To study the shear strength and deformational properties of the shear surfaces in the 
perimeter of rock sockets and to develop the corresponding predictive models, a detailed drilled 
shaft axial load test database (with emphasize on drilled shaft load tests in soft rock mass) with 
direct measurement of shear stresses on the socket perimeter is developed. Previous workers 
have compiled in situ load test databases for the study of axial performance of drilled shafts 
socketed into soft rock masses and intermediate geomaterials (IGMs) (e.g., Horvath and Kenney, 
1979; Williams, 1980; Collingwood, 2000; Stark et al., 2013). These databases, however, include 
a mixture of soft and strong rocks where the number of drilled shaft load tests in soft rock in 
each database is limited. The t-z relationships for the case records in these databases are often 
not reported. Moreover, the properties of rock mass in each load test have not been evaluated 
properly or have not been evaluated at all. Three databases are compiled to address these 
limitations of existing drilled shaft load test databases and to augment the current data on the side 
resistance of drilled shafts in soft rock masses. These databases include i) a full-scale in situ 
drilled shaft load test database with direct side resistance measurements that is discussed in 
Chapter 3 and is documented in Appendix B, ii) constant normal stiffness and constant normal 
stress direct shear test databases that are discussed in Chapter 4 and documented in Appendix C 
and iii) a database of measured in situ stresses in soft rock masses that is discussed in Chapter 7 
and is documented in Appendix D. It must be noted, however, that databases 2 and 3 are not used 
directly in the development of the predictive models for side resistance. Rather, they are used to 
augment the conceptual understanding of the shear strength and deformational properties of 
shear surfaces in the perimeter of rock sockets in soft rocks and for determining the variables that 
affect side resistance of drilled shafts in soft rock. 
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The first database includes 317 case records of in situ load tests (drilled shaft and plug 
load tests) in soft rocks from different localities. The unit side resistance in these case records is 
back-calculated from the instrumented drilled shafts during load tests and the t-z relationships for 
all of these load tests except for those reported by Vu (2013) are also back-analyzed in the same 
manner. The load test reports for load tests performed by Vu (2013) were not available at the 
time of writing of this thesis. This database is discussed in Chapter 3 and in Appendix B. For the 
reader’s reference, a concise summary of the drilled shaft side resistance database is given in 
Table 11.1. Some additional information on the side resistance database are also provided below: 
 
1. Shear stress-shear displacement (t-z) relationship: t-z relationships are back-analyzed 
based on the top of drilled shaft or plug load test load-displacement relationships and the 
distribution of load versus depth measurements. The elastic deformation (i.e., 
compression or extension) of the test shafts is included in the analysis. The following 
procedure is used in development of the t-z relationships: i) the soft rock layer of interest 
is first identified, ii) the distribution of measured load versus depth is used to find the 
loads Qt and Qb at the top and bottom of the soft rock layer of interest, respectively (see 
Figure 11.1), iii) the average shear stress acting on the shear surface within the rock layer 





         (11-4) 
 
where fs (mob) is the average and uniformly distributed shear stress mobilized at the load 
increment of interest, Qt is load at the top of the layer, Qb is the load at the bottom of 
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layer where Qt > Qb, B is the diameter of drilled shaft and l is the shaft segment length 
bounded by the top and bottom of the layer of interest and iv) the displacement of the 
shaft segment in the layer of interest relative to the adjacent soft rock mass was found by 
subtracting the elastic compression of the drilled shaft segment between the center of the 
layer of interest and the top of drilled shaft from the measured top of drilled shaft 
displacement at the load increment of interest using the following expression 
 


































     (11-5) 
 
where z is the net displacement of the shaft relative to adjacent rock mass measured at the 
center of the layer of interest, ztos is the measured top of shaft displacement, ΔLe is the 
shaft elastic deformation for the shaft segment between the top of drilled shaft and the 
center of the layer of interest, Qtos is the load increment at the top of shaft, L is the shaft 
segment length corresponding to ΔLe and Ec is the composite modulus of elasticity of the 
drilled shaft that is calculated using provisions of ACI 318 committee (ACI 318-14). 
2. Modulus of deformation of rock mass (Em): the properties of the rock mass were 
estimated following the procedure proposed in Chapter 5. The modulus of deformation of 
rock mass is back-calculated using the elastic method of Pells and Turner (1979) for each 
case history. Alternatively and for design purposes, the modulus of deformation of rock 
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mass (Em) may be estimated using a linear model of Em as a function of qu that is shown 
in Figure 11.2. This linear model may be expressed using Equation 11-6 
 
Em =150 × qu
1.1          (11-6) 
 
where Em and qu are in units of MPa. 
3. Friction angle and cohesion intercept: the Mohr-Coulomb failure envelope for soft rock 
masses and stiff clays has been shown to be nonlinear (Barton and Choubey, 1977; 
Terzaghi et al., 1996). Mesri and Abdel-Gaffar (1993) proposed two methods for 
properly accounting for this important characteristic of the failure envelope (i.e., 
dependence of failure envelop on normal stress): i) approximation of the nonlinear 
envelope with a linear failure envelope that is characterized by an slope (φ'm) and an 
intercept (c'm) or ii) direct use of a nonlinear envelope. The former method is adopted in 
this study. The values of rock mass friction angle (φ'm) and cohesion intercept (c'm) are 
estimated using the same procedure outlined in Chapter 5 and the estimated values are 
summarized in Appendix B. The estimated rock mass friction angle and cohesion 
intercept for rock masses in the load test case records included in the side resistance 
database (see the range of φ'm and c'm in Table 11.1 or the detailed values of φ'm and c'm in 
Appendix B) using the procedure outlined in Chapter 5 are in good agreement with 
available typical values of φ'm and c'm data in the literature that are reviewed in Chapter 
10 and those summarized in Table 1 of Barton and Choubey (1977) (i.e., 21 to 38 degrees 
for sedimentary, igneous and metamorphic rocks, for basic friction angles). 
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4. Poisson’s Ratio: an average value for Poisson’s Ratio (ν) of 0.3 is used based on the 
recommendations of Kulhawy (1978) and additional data provided by Chern et al. (2004). 
The data on Poisson’s ratio from the above two references are discussed in Chapters 5 
and 10. 
5. Measured side resistance: the peak shear stress (fsp) is reported in Appendix B for each 
case history. The peak shear stress (fsp) is the shear stress where the slope of the tangent 
line to t-z relationship first approaches zero, i.e., dt
dz
≈ 0 . When peak shear stress is not 
mobilized for drilled shaft case records in Appendix B, the L1-L2 approach (Hirany, 
1988; see Chapter 10) is used to determine the values of fs1 (i.e., measured shear stress at 
initial yield of the rock/concrete interface) and fs2 (i.e., measured interpreted failure shear 
stress). The peak side resistance of rock sockets in soft rock is commonly mobilized at 
shear displacements of roughly 1% of the shaft diameter. This is consistent with the 
observations of Barton and Choubey (1977) for rock joints (e.g., displacements in Aplite 
0.89 mm, Granite 1.14 mm, Hornfels 0.78 mm, Calcareous shale 0.59 mm, Basalt 0.69 
mm, Slate 1.21 mm, Gneiss 0.86 mm, and Soapstone 0.83 mm). Barton and Choubey 
(1977) suggested that “smoother joints such as slate, or joints in weathered rock that do 
not mate very tightly such as Drammen granite, required greater shear displacements to 
reach their peak shear strength.” This explains some large displacements to mobilization 
of fsp that are observed in the side resistance database for drilled shafts in soft rocks. 
6. Measured initial shear stiffness (Ksi): the measured initial shear stiffness (Ksi) is defined 
herein as the slope of the tangent line to the initial portion of t-z relationship. This 
important variable is documented for each case history in Appendix B. 
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7. Interface roughness: the soft rock/concrete interface roughness is predicted based on a 
relationship between the qu and measured average roughness height (h) as shown in 
Figure 11.3 that is discussed in more details in Chapter 7. The line of best fit shown in 




          (11-7) 
 
where h is in mm and qu is in MPa. Roughness height in the proposed model is inversely 
related to qu because a rock with larger qu will exhibit a greater abrasion hardness, thus a 
greater resistance to wear (Coulson, 1970) and consequently a smaller roughness height 
is produced during the drilling processes. 
8. Drilled shaft: the diameter for each rock socket (B), the depth of embedment from the 
ground surface to the center of the shear profile (DGS) and from the top of rock formation 
(DTOR) are obtained based on the site stratigraphy and drilled shaft reported dimensions. 
The length of the shear profiles (l) is also summarized for each rock socket. The method 
of construction and condition of tip of drilled shafts are also summarized and reported. 
This information may be found in Chapter 3 and in Appendix B. 
 
The second database summarizes the results of 227 drained constant normal stiffness 
(CNS) direct shear tests on synthetic rock/concrete interfaces that were conducted by the Monash 
University researchers and is summarized in Appendix C. This database is discussed in Chapter 
4. This database also includes the results of drained constant normal stress direct shear tests 
mainly performed by Coulson (1970) and Bandis (1980). The database includes the unconfined 
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compressive strength (qu) and friction angle of synthetic rock (φsr) or rock friction angle, normal 
stiffness (Kn) and the back-calculated initial shear stiffness (Ksi) of the corresponding shear 
stress-shear displacement relationships, interface roughness properties and the measured shear 
stress and shear displacements at the peak and ultimate conditions. This database is used to 
augment the knowledge obtained from the analysis of drilled shaft load test data. 
The third database is a collection of 196 in situ stress measurements in soft rock masses 
from different locations in the world with particular attention to test sites in the North America 
and Canada. The database is introduced in Chapter 7 and is reported in Appendix D. The 
database includes the minimum and maximum horizontal stresses in the rock mass. The database 
is used in Chapter 7 to provide recommendations for estimation of the initial normal pressure 
(σni). The initial normal pressure is important because its increase has been shown to increase the 
actual magnitude of the peak shear stress mobilized on the shear surfaces on the perimeter of 
rock sockets and to reduce the brittleness of the post-peak behavior of the same shear surfaces 
(Rowe and Pells, 1980). 
The three databases discussed in this section will be used, when appropriate, in the 
remaining parts of this chapter for development of design models for prediction of the 
relationship between shear stresses and corresponding displacements of the shear surfaces that 
form on the perimeter of the rock sockets in soft rocks. 
 
11.4 Shear Stress-Shear Displacement Behavior 
The prediction of drilled shaft settlement is needed for evaluation of serviceability limit 
state. There are different approaches in the literature that may be used for this purpose, namely 
theoretical methods based on elastic theory or empirical load-transfer methods based on back-
932
calculated t-z relationships from instrumented drilled shaft load tests. Some of the limitations of 
these methods are discussed below: 
 
1. The settlement of the drilled shaft foundations may be predicted by theoretical methods 
(e.g., Kulhawy and Carter, 1992; Pells and Turner, 1979). These methods, however, are 
based on elastic solutions, assume a linear load-displacement behavior and gived biased 
predictions of displacements at large service loads. Furthermore, they cannot account for 
the layering of the rock formation. These methods also do not account for the effects of 
construction technique (e.g., roughness of the interface) on the axial load-settlement 
response of drilled shafts in soft rock. 
2. The t-z relationships for the drilled shafts in the side resistance database (Appendix B) 
are summarized using one of the most widely used methods and are shown in Figure 
11.4. It can be seen that a large amount of scatter exists in the normalized t-z 
relationships. The current methods for normalization of t-z relationships are not 
mechanistic because the effect of rock mass properties, socket geometry, rock/concrete 
interface roughness and change in normal stress are rarely included in their formulation. 
Others (e.g., Seidel, 1993; Collingwood, 2000; Seol et al., 2008; Seol et al., 2009; Jeong 
et al., 2009) have proposed mechanistic models for prediction of t-z relationships, 
however, these methods are based on laboratory constant normal stiffness direct shear 
tests on artificial rock/concrete interfaces and have not been evaluated using a large 
drilled shaft load test database. Gupta (2012) used a hyperbolic model for prediction of 
the entire t-z relationship for rock socketed drilled shafts, however, it is well established 
that a hyperbolic model is not suitable for representation of the post-peak response of the 
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measured shear stress-shear displacement relationships (Kondner, 1963). Furthermore, all 
current t-z methods are deterministic meaning that the variability in rock properties as 
well as the effect of uncertainties resulting from model inexactness and model parameters 
on the overall prediction error may not be readily quantified. 
 
A “mechanistic” load-transfer approach that utilizes t-z and q-z relationships may be used 
to address the above limitations. The q-z relationship for characterization of the pressure-
deformation of the soft rock mass underneath the tip of drilled shafts is discussed in Chapter 10. 
In the paragraphs to follow, we will first use our findings of Chapter 4 regarding the shear stress-
shear displacement characteristics of the rock joints and rock/concrete interfaces tested in the 
laboratory and will augment them with field load test results from Appendix B and Chapter 3 to 
evaluate the validity of our proposed mechanistic and empirical t-z relationship for drilled shafts 
in soft rock masses. This is because the shear stress-shear displacement relationships for the 
laboratory interface direct shear tests are similar to those of shear surfaces in the perimeter of 
rock sockets. The proposed model is discussed below: 
 
A rational approach to development of t-z relationships is described below. The 
possibility of using a rectangular hyperbolic (Kondner, 1963; Duncan and Chang, 1970; 
Mesri et al., 1981; Hirayama, 1990; Gupta, 2012) model for the pre-peak range and a 
method similar to the concept of secant compression index (C'c) proposed by Terzaghi et 
al. (1996) for the prediction of post-peak variation of the shear stresses with shear 
displacements is investigated. The general form of a rectangular hyperbolic model 







         (11-8) 
 
where t is the shear stress at displacement z, z is the shear displacement at a particular 
depth, Ksi is the initial shear stiffness, fsp is the peak shear stress and Rf is failure ratio 
(after Kondner, 1963; Duncan and Chang, 1970; Mesri et al., 1981). The proposed model 
is discussed in more detail in subsequent sections. The post-peak behavior is modeled 
using a Brittleness Index (IB) that is introduced later in this chapter. 
 
11.4.1 Pre-peak range: a qualitative evaluation 
It has been shown in the rock mechanics literature that the pre-peak zone in the shear 
stress-shear displacement relationship for natural rock joints is highly non-linear (Coulson, 1970; 
Nieto-Pescetto, 1974; Bandis, 1980; Yoshinaka and Yamabe, 1986) with shear stiffness 
continuously changing until its minimum value is mobilized at the development of the peak shear 
stress. Snow (1972) proposed that this non-linearity is only observed in the “virgin” joints. Snow 
(1972) defined a virgin joint as a joint that has not been precompressed in the past. A virgin 
natural joint is analogues to a newly formed rock/concrete joint in a rock socket wall in the case 
of a drilled shaft in soft rock masses. Review of 317 case records (see Appendix B for the shear 
stress-shear displacement for each case history) involving drilled shafts in soft rocks also 
indicates that pre-peak zone in a t-z relationship (see Figure 11.4) resembles the shear stress-
shear displacement relationships that are observed by Coulson (1970), Jaeger (1971) and Bandis 
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(1980) for a virgin rock joint (see Figure 11.5) and that it exhibits a highly non-linear 
relationship. 
The pre-peak portion of the shear stress-shear displacement relationship in direct shear 
tests has been modeled using a hyperbolic model by past workers (Clough and Duncan, 1969; 
Hungr and Coates, 1978; Bandis, 1980; Yoshinaka and Yamabe; 1986) in the field of rock 
mechanics, stress-strain relationships from triaxial tests in the field of soil mechanics (Kondner; 
1963; Duncan and Chang, 1970; Mesri et al., 1981; Terzaghi et al., 1996) and in foundation 
engineering (Gupta, 2012). To investigate the suitability of the hyperbolic model for pre-peak 
range, the ratios of the displacement (z) to shear stress (t) (i.e., z/t) are plotted versus the 
displacement (i.e., transformed relationship) for the pre-peak range for 340 t-z relationships for 
drilled shafts in soft rock (Appendix B). A hyperbolic model will be suitable for pre-peak range 
if these plots provide linear trends. The suitability of the method is quantified by the values of 
goodness of fit (R2) of a linear function fitted to the modified t-z relationships from the side 
resistance database as explained above. An example of the transformed t-z relationship is shown 
in Figure 11.6 for load test S3 in Sydney siltstone from Williams (1980) whose complete 
information may be found in the side resistance database in Appendix B. The goodness of fit, R2, 
obtained from the analysis of 340 t-z relationships obtained from 292 case histories of drilled 
shaft and plug load tests in soft rocks is summarized in Figure 11.7. This summary plot shows 
that the goodness of fit for most of the cases reviewed is close to unity. This suggests that a 
hyperbolic model is suitable to represent and fit the pre-peak portion of the t-z relationships for 
rock sockets in soft rock masses. 
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11.4.2 Post-peak range: a qualitative evaluation 
The post-peak behavior is the most complex part of the shear stress-shear displacement 
relationship for the rock sockets in soft rocks because it is associated with continuous changes in 
the properties of the interface as the contact surfaces are displaced with respect to one another. 
For example, Richards (1975) observed that “rough surfaces become progressively smoother 
with displacement and the friction angle decreases to its residual value.” Most of the research in 
the mechanism of post-peak behavior, however, has been conducted for the natural rock joints 
and little is known about the progressive changes in the characteristics of the shear surfaces that 
are formed in the perimeter of rock sockets. The behavior of rock joints is discussed in detail in 
Chapter 4. The findings of Chapter 4 pertinent to the post-peak response of drilled shafts in soft 
rock mass are discussed below: 
 
1. Coulson (1970) used three different types of rock joints namely, natural joints, sawed 
surfaces and grouted joints. Coulson (1970) attributed post-peak behavior to the change 
in the properties of the interface. The review of the work of Coulson (1970) in Chapter 4 
indicates that the post-peak behavior is tied to how resistant the rock joint is to the 
surface wear. Coulson (1970) quantified the surface wear by using the abrasion hardness 
of the rock material that was tested by him. 
2. Jaeger (1971) and Richards (1975) were also interested in the post-peak behavior of rock 
surfaces and attributed the change in the shear stress with post-peak displacement to the 
wear of the surface roughness with displacement. Jaeger (1971) reports results of direct 
shear tests on initially rough joints that were obtained from the surface of a tension 
fracture in Bowral trachyte. The results indicate that the shear stress-shear displacement 
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of initially rough surfaces is characterized by an initial distinctive peak shear stress after 
which the shear stress significantly drops with continued post-peak displacement. Jaeger 
(1971) attributes this behavior to the destruction of the surface roughness. The brittle 
response of rough surfaces with continued displacement was also reported by Richards 
(1975) who studied the shear strength of weathered joints. Jaeger also discusses the 
results of a number of direct shear tests that were conducted on the same specimen after 
each test was completed by moving the shear box to its initial configuration. It is 
interesting to note that the distinctive peak shear stress observed for the rough interface 
disappears as the number of displacement cycles increases. It is eventually observed that 
the peak shear stress and the ultimate shear stresses are the same for smooth rock joints. 
This is in agreement with observations of Richards (1975). This behavior is observed 
when testing stiff clays for measurement of their residual friction angle that corresponds 
to the same the maximum face-to-face contact between the plate shaped clay particles 
(Mesri and Cepeda-Diaz, 1986; Terzaghi et al., 1996; Mesri and Shahien, 2003). 
3. Byerlee (1967) tested granite rock joints where post-peak shear displacement was 
accompanied by a distinct jerky motion that is known as a stick-slip behavior (after Brace 
and Byerlee, 1966) and is mostly observed for rough shear surfaces. The inspection of the 
shear surfaces by Byerlee (1967) showed that these shear surfaces contained fine white 
debris after sliding and that the amount of this debris increase with increase in the 
roughness of the interface. Byerlee (1967) also proposed that the behavior of the interface 
after the realization of the peak shear stress might depend on the normal stress that 
operates on the joint surface. Byerlee postulated that at low normal stresses, the shear 
movement takes place by wall asperities climbing on top of one another. As the normal 
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stress increases, the mode of shearing changes from climbing over asperities to shearing 
through surface irregularities. 
4. Krahn and Morgenstern (1979) observed that the roughness of the interface changes with 
the continued post-peak displacement. According to Krahn and Morgenstern (1979), the 
ultimate value of the shear stress that is mobilized after the achievement of the peak shear 
stress is not a unique value for all rock surfaces and changes from one joint to another as 
the roughness of the joint changes. 
 
11.5 Shear Stress-Shear Displacement Model 
Clough and Duncan (1969), Hungr and Coates (1978) and Bandis (1980) used the 
hyperbolic model to represent the pre-peak range of the shear stress-shear displacement 
relationship of rock joints. Analysis of the transformed t-z relationships (i.e., plots of z/t* versus 
z after Kondner, 1963; Duncan and Chang, 1970; Mesri et al., 1981) in the previous sections 
showed that a hyperbolic model may be used to represent the pre-peak range for shear stress-
shear displacement of shear surfaces in rock sockets. Based on the discussion of Chapter 4, the 
post-peak behavior of rock sockets in soft rock is similar in many ways to that observed for rock 
joints and is mainly governed by the wear and change in the characteristics of surface 
irregularities and the resulting change in normal stresses operating on the mobilized shear 
surfaces. A hyperbolic function is not suitable for representing the variation of the shear stress 
with post-peak shear displacement (Kondner, 1963). Alternatively, an approach similar to secant 
compression index, C'c, method (Terzaghi et al., 1996) is used to predict post-peak response of 
shear surfaces in the perimeter of rock sockets in soft rocks. Accordingly, a Brittleness Index (IB) 
                                                
* t denotes the shear stress, fs, on the rock/concrete interface that is mobilized at any given value of vertical drilled 
shaft displacement, z. 
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that is analogues to C'c is defined and studied in Chapter 4 for prediction of post-peak behavior 
of rock sockets in soft rock masses. This index is used to quantify the loss in the shear stress with 
post-peak displacement in drilled shafts in soft rock. A schematic of the proposed model for the 
entire shear stress-shear displacement relationship is shown in Figure 11.8a. The proposed model 
can be fully defined using the following parameters: 
 
1. Initial shear stiffness (Ksi): the initial shear stiffness is the slope of the initial tangent line 
that is drawn to the initial portion of the t-z relationship. Initial shear stiffness can 
alternatively be found from the inverse of the intercept, with the vertical axis, of the line 
fitted to the transformed t-z relationship (Kondner, 1963). 
2. Peak shear stress (fsp): peak shear stress is the shear stress mobilized on the shear surfaces 
where the slope of the tangent line to the t-z relationship first approaches zero, i.e., 
dt
dz
≈ 0 . Figure 11.8b is used to estimate the displacement required to mobilize the peak 
shear stress. 
3. Failure ratio or fitting ratio (Rf): the failure ratio is the ratio of the back-calculated peak 
shear stress to that obtained from the hyperbolic model (Kondner, 1963; Duncan and 
Chang, 1970; Mesri et al., 1981). 
4. Items 1, 2 and 3 are used in Equation 11-8 to define the pre-peak portion of the t-z 
relationship. 
5. Brittleness index (IB): this index (explained in Chapter 4) is used to describe the change 
in the shear stress with post-peak shear displacement. The brittleness index is the slope of 
the secant lines that connect the peak shear stress to subsequent points on the post-peak 
portion of the t-z relationship. 
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11.6 General Formulation of the Design Models 
Because we are following a limit state design framework, we need to verify that the 
drilled shaft design satisfies several limit states, namely the strength limit state and the 
serviceability limit state. Predictive models are needed to evaluate each mentioned limit state. 
The method of Gardoni et al. (2002) (see Chapter 8) is used to develop these predictive models. 
The general form of the probabilistic models (Gardoni et al., 2002) used in the subsequent 
sections is shown below 
 
C(x,Θ) = ĉ(x) + γ (x,θ) + σε          (11-9) 
 
where x denotes a basic “measurable” properties of the rock mass and drilled shaft characteristics 
that affect the development of side resistance, C(x, Θ) is the probabilistic model, ĉ(x) is the 
deterministic model,  γ (x,θ) is the correction term or the explanatory function that is added 
(additivity assumption) to the deterministic model to reduce its bias, Θ = (θ,σ) denotes a set of 
unknown model parameters that are used to fit the model to the observed data, σε   is the model 
error where ε is assumed to be a normal random variable (normality assumption) with zero mean 
and unit variance and σ denotes the standard deviation of the model which is assumed to be 
constant (homoskedasticity assumption). The model correction terms (Gardoni et al., 2002) can 
be expressed using the following equation 
 
γ (x,θ) = θihi (x)
i=1
n
∑           (11-10) 
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where x is a basic “measurable” variable that affects the side resistance of drilled shafts in soft 
rock. hi (x) expresses the ith model correction term that is added to the deterministic model to 
eliminate the bias in the predictions. Each term in Equations 11-9 and 11-10 is described in more 
details below: 
 
• C(x,Θ)  is the enhanced model that is used to evaluate the limit states of interest. The 
unknown model parameters in this model are determined using the Maximum Likelihood 
method (Gardoni et al., 2002). Because the probability distribution functions for the each 
model parameter Θ = (θ,σ) is known, the model may also be used in a probabilistic sense. 
• ĉ(x)  represents an existing model that we want to improve. For Example, Stark et al. 
(2013) proposed that unit resistance of drilled shafts in intermediate geomaterials can be 
obtained as 0.3 times qu. Analyses in the subsequent sections show that other terms may 
be needed in addition to qu to estimate unit side resistance; in that case, 0.3qu is analogues 
to ĉ(x)  and the additional terms correspond to Equation 11-10. In many situations, ĉ(x)  
term may not exist in the literature; in that case, this term in Equation 11-9 is eliminated 
and calibrated using the drilled shaft load test data to obtain the unknown model 
parameters and their distributions. 
• γ (x,θ) = θihi (x)
i=1
n
∑  represents all terms that contribute to the overall model that is being 
developed. The “additivity assumption” has been used in foundation engineering by 
previous investigators (e.g., Terzaghi, 1943; Terzaghi et al., 1996) and in structural 
engineering (Gardoni et al., 2002). 
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11.7 Initial Shear Stiffness (Ksi) 
The initial shear stiffness (Ksi) of the shear surfaces in rock sockets in soft rock is 
required for characterizing the pre-peak range of the t-z relationships using a hyperbolic model 
(Equation 11-8). Figure 11.9 (reproduced from Chapter 4) shows the results of 227 constant 
normal stiffness (CNS) direct shear tests on synthetic rock/concrete interface that were collected 
from the published literature (Data from Williams, 1980; Kodikara, 1989; Seidel, 1993; Gu, 
2001). Figure 11.9 shows that the initial shear stiffness (Ksi) of rock/concrete interfaces is a 
function of unconfined compressive strength (qu) of the rock material, normal stiffness (Kn), 
roughness height (h), synthetic rock friction angle (φsr), initial normal stress (σni) and average 
inclination angle (i) of the asperities.  
The in situ drilled shaft load test database is the second source of information on the 
initial shear stiffness (Ksi) for drilled shafts in soft rock. The side resistance database includes 
two classes of in situ load tests, namely the conventional drilled shaft load tests (mostly large-
scale drilled shafts) and the plug or rock anchor load tests (mostly small-scale drilled shafts). 
Horvath and Kenney (1979) defined the drilled shafts with diameters smaller than 400 mm as 
small-scale tests and with diameters larger than 400 mm as large-scale load tests. This 
classification was adopted in this study. Initial shear stiffness is defined herein by the slope of a 
tangent line to the initial portion of the measured t-z relationships. It must, however, be noted 
that calculated initial shear stiffness based on the “transformed” t-z relationships (i.e., plots of z/t 
versus z as recommended by Kondner, 1963 and Mesri et al., 1981) are in good agreement with 
calculated initial shear stiffness by finding the slope of the tangent line to the initial portion of t-z 
relationships collected from published literature (Appendix B). The comparison of initial shear 
stiffness obtained from these two methods is shown in Figure 11.10. This figure shows the 
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results from the two methods are in reasonable agreement. Figure 11.11 shows the variation of 
the initial shear stiffness (Ksi) with different variables for small- and large-scale drilled shaft load 
tests in soft rock. The data presented in Figure 11.11 indicates that the initial shear stiffness 
back-analyzed from load tests on small- and large-scale drilled shafts are not significantly 
affected by the size of the foundation. Figure 11.11 further shows that the initial shear stiffness is 
strongly correlated with the unconfined compressive strength (qu) and the Geological Strength 
Index (GSI) of the rock mass. It can also be observed that an increase in the shear length (l) 
appears to decrease the initial shear stiffness (Ksi) in side resistance that is in agreement with the 
observations of Bandis (1980) and Goodman (1980). The diameter of the drilled shaft (B), depth 
of embedment (from top of rock denoted by DTOR and from ground surface denoted by DGS) and 
the initial normal stress (σni) do not seem to significantly affect the initial shear stiffness in side 
resistance. These observations may be explained as follows: 
 
1. Dependence on unconfined compressive strength (qu): Ksi may be represented 
theoretically as 
σ 'n tanφ '
δ
where σ'n is the normal stress on the shear surface, tanφ' is the 
coefficient of friction and δ (that is equivalent to z) is the relative displacement. The 
unconfined compressive strength is related to the maximum normal stress that can 
develop on the shear surface before the rock socket walls fail in compression. Therefore, 
as the compressive strength of rock increases, the normal stress on the interface can 
increase to higher levels. Thus for the same values of relative displacement, δ, a stronger 
rock will mobilize larger Ksi. 
2. The Geological Strength Index (GSI) is an index that represents the condition of the rock 
mass. A higher GSI indicates less weathered and less fractured rock mass. A rock with 
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greater GSI will support a larger increase in lateral stresses and thus results in stiffer 
response on the mobilized shear surfaces. 
3. Longer rock/concrete profile length will result in increase in the number of joints and 
fissures in the profile and therefore results in a softer response and decrease in Ksi 
because increase in number of joints will reduce the ability of the rock mass to accept 
higher normal stresses at the interface. 
4. The magnitude of the Ksi depends on the final normal stress on the interface. The final 
normal stress is the sum of the initial normal stress (due to the depth of embedment) and 
the increase in the normal stress due to the stiffness of the rock mass. The former 
component, that is a direct consequence of the embedment depth in drilled shafts in soft 
rocks, is only a small percentage of the final normal stress and thus does not contribute 
significantly to the overall shear stiffness of the shear surfaces of interest. 
 
It must also be noted that the initial shear stiffness from drilled shaft load tests is in 
general smaller than those found from constant normal stiffness (CNS) direct shear tests. This 
can be explained by i) the rock mass adjacent to the drilled shaft is affected by the presence of 
joints and fissures and thus exhibits a less stiff response compared to the results of laboratory 
tests on synthetic rocks which are not affected by the joints and fissures and ii) the CNS tests 
only record the movements of the interface while drilled shaft load test measurements also 
include the displacements of the surrounding rock mass. These discussions are in agreement with 
the work of Rosso (1976) and Bandis (1980). The discussion presented in the previous sections 
shows that the initial shear stiffness of shear surfaces in the perimeter of rock sockets in drilled 
shafts is a function of more than one variable. 
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The technical literature does not offer much guidance for determination of the initial 
shear stiffness (Ksi) in rock sockets in soft rocks. The rock mechanics literature, on the other 
hand, provides approximate methods for estimation of secant shear stiffness of rock joints. 
Goodman (1969) studied a large number of laboratory shear tests on rock specimens and in situ 
block shear tests on weakness planes. Goodman (1969) suggested that “if no test were possible 
[or available], as a rough estimate of the initial shear stiffness, one could calculate the strength 
[of the joint] from the friction angle and divide it by the peak displacement value.” Goodman 
(1969) provides typical values for shear displacements corresponding to the peak shear stress. 
The proposed method of Goodman (1969) is shown below 
 
Ks =
σ 'n× tanφ '
δPeak
          (11-11) 
 
where Ks is the secant shear stiffness of the rock joint, σ'n is the effective normal stress on the 
weakness plane or joint, φ' is the drained friction angle of rock material and δPeak is the shear 
displacement at the peak shear stress. Goodman (1969) suggested that the shear stiffness depends 
on the type of joints, condition of joints (infilling and cleanness) and the normal stress on the 
joint. Goodman (1969) also proposed that the initial shear stiffness, in addition to 
aforementioned variables, may be affected by the degree of disturbance of the joint and type and 
amount of the joint infillings. Barton and Bandis (1982) also studied the initial shear stiffness of 
the clay-bearing discontinuities, rock joints, model joints and earthquake faults and their model 
is discussed in Chapter 4. Based on the analysis of available data, they concluded that the initial 













0.33        (11-12) 
 
where JRC is the joint roughness coefficient, JCS is the joint compressive strength, φ'r is the 
residual friction angle of rock substance, l is the shear profile length and all other terms were 
previously defined. It must be noted that the general form of Barton and Bandis (1982) 
correlation follows the proposed model of Goodman (1969). The denominator of Equation 11-12 
represents the displacement required to achieve peak shear stress. Therefore, both methods of 
Goodman (1969) and Barton and Bandis (1982) represent a secant shear stiffness as opposed to 
an initial shear stiffness sought herein. It must be emphasized that Barton and Bandis (1982) 
quantified the effect of joint condition that was previously mentioned by Goodman (1969) and 
showed that the shear stiffness is affected by the length of the shear profile. The initial shear 
stiffness is inversely related to the shear profile length that is consistent with the observations of 
Barton and Choubey (1977). 
Within the foundation engineering literature, Randolph and Wroth (1978) were interested 
in load transfer in piles to the surrounding soil and were among the first to study the 
deformational properties of the geomaterial/pile interfaces. Randolph and Wroth (1978) 
recommended the following expression as a first approximation for the contribution to total 
settlement of the piled foundations in homogeneous and linearly elastic continuum due to 
slippage at the piled foundation interface with the surrounding soil 
 
z = ζ × t × r
G
           (11-13) 
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where ζ is a term that accounts for the slenderness of the pile (i.e., L/B), z is the settlement due 
to slippage at the concrete/geomaterial interface and additional distribution contributed from the 
elastic rock, t is the shear stress at displacement z, r is the radius of the drilled shaft (i.e., B/2) 
and G is the shear modulus of the geomaterial at the concrete/geomaterial interface. Rearranging 
the terms in Equation 11-13 results in an approximate expression for the initial shear stiffness at 









          (11-14) 
 
where Ksi is the shear stiffness at pile/soil interface. Equation 11-14 suggests that the initial shear 
stiffness is directly related to the shear modulus (G) of the geomaterial (and thus to its in situ 
modulus of deformation, Em) and is inversely related to the radius of the piled foundation. 
Kulhawy and Carter (1992) also proposed a similar expression to that shown in Equation 11-13 
for settlement of rigid shear sockets. This expression is shown below 
 











⎠⎟ ×Q        (11-15) 
 
where Q is the axial load at the top of drilled shaft and l is the shear profile length (or length of 
rock socket). All other terms have been previously defined. Rearranging terms in Equation 11-15 








           (11-16)  
and 
 
ζ = ln 5(1− ν)× l / B[ ]           (11-17) 
 
where ζ accounts for the slenderness (l/B) of the rock socket. It is noted that both methods lead 
to the same expressions for initial shear stiffness (compare Equations 11-13 and 11-15). 
It can be observed from the discussions above that the methods available in the literature 
were not developed for drilled shafts in soft rock. Therefore, we start by using the model of 
Kulhawy and Carter (1992), i.e., Equation 11-16, as our base model in the Gardoni et al. (2002) 
approach. The previous discussions, however, reveals that additional parameters pertaining to 
rock mass and socket geometry may be required to obtain an unbiased prediction of the initial 
shear stiffness (Ksi). Therefore, a number of dimensionless correction terms (i.e., explanatory 
functions) are introduced in Table 11.2 to improve the predictive capacity of deterministic model 
of Kulhawy and Carter (1992) and to eliminate bias in its predictions. These dimensionless terms 
are selected based on the analysis and review of physical properties that affect initial shear 
stiffness calculated based on drilled shaft load test case histories summarized in Appendix B and 
using additional information obtained from the analyses performed on data collected from 
laboratory rock/concrete interface constant normal stiffness (CNS) direct shear results in Chapter 
4 and in Appendix C. The initial assumption is that the predictive model for initial shear stiffness 
should be of the following format 
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      (11-18) 
 
where qu is the unconfined compressive strength, Pa is the atmospheric pressure (= 0.101 MPa), 
DGS is the depth to the center of the rock layer from the ground surface, DTOR is the depth to the 
center of the rock layer from the top of rock surface, Em is the modulus of deformation of rock 
mass, GSI is the geological strength index, l is the length of the interface profile, h is the average 
roughness height and σni is the initial normal stress operating on the shear surface. The term h1 
(x) = 1 in Equation 11-18 is added to account for any possible over- or underestimation in the 
deterministic model chosen for development of the improved model (Gardoni et al., 2002) for the 
initial shear stiffness (Ksi). 
Obviously not all of the parameters introduced in Equation 11-18 will contribute to 
improvement of the predictions equally. The stepwise deletion process (Gardoni et al., 2002) that 
is explained in Chapter 8 (after Gardoni et al., 2002) is used to establish the importance of each 
proposed correction term to the overall accuracy of the model. The complete dataset is used to 
calibrate and update the proposed equation of Kulhawy and Carter (1992). The stepwise deletion 
process results are shown in Figure 11.12. This figure shows that standard deviation of the model 
does not change significantly as the terms are removed from the model. The final form of the 






























       (11-19) 
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All parameters in Equation 11-19 are defined in the previous sections. Ksi in Equation 11-
19 is in units of MPa/mm. The model parameters in Equation 11-19 are summarized in Table 
11.3. The comparison of the predictions of initial shear stiffness using Equation 11-19 with the 
back-analyzed values using t-z relationships are shown in Figure 11.13. The normality and 
homoskedasticity assumptions in the method of Gardoni et al. (2002) are satisfied by using 
appropriate variance stabilizing transformations following the recommendations of Box and Cox 
(1964). The correction terms were transformed using the natural logarithm in this paper as shown 
in Table 11.2. The suitability of such transformation can be verified by diagnostic plots (Rao and 
Toutenburg, 1999; Tabandeh and Gardoni, 2015) or by visual inspection of the plot of predicted 
versus measured initial shear stiffness in Figure 11.13. 
The average roughness height that is mobilized at the rock/concrete interface in drilled 
shafts socketed in soft rock does not influence the drilled shaft axial behavior in the elastic range 
because, contrary to the common belief (e.g., Seidel and Collingwood, 2001), the mobilized 
shear surface does not form entirely at the rock/concrete interface. Rather, field evidence 
(Williams, 1980) has shown that the shear surface is often within the rock mass and a distance 
away from the interface. Even if the shear surface forms at the rock/concrete interface, 
weathering in soft rock will result in low values of rock compressive strength at the 
rock/concrete interface (analogues to Richards, 1975 observations for rock joints) and thus no 
appreciable dilation will take place at this interface because most of interface movement is by 
shearing of the asperities rather than sliding over asperities (Deere and Patton, 1971) due to 
softening of the rock at the rock/concrete interface by increase in its water content. Therefore, 
dilation and consequently effect of interface roughness will be minimized. 
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11.8 Peak Shear Stress (fsp) 
The peak shear stress (fsp) on the mobilized shear plane on the perimeter of the rock 
socket is used i) to estimate the contribution of the side resistance to the overall axial resistance 
of drilled shafts for use in evaluation of the strength limit state and ii) as an input parameter to 
the rectangular hyperbolic model that is proposed for prediction of the pre-peak range of the t-z 
relationships. It has been shown for soils (e.g., Horn and Deere, 1962; Skempton, 1964; Terzaghi 
et al., 1996; Mesri and Shahien, 2003) and for metallic surfaces (Rabinowicz, 1995) that the peak 
shear stress (i.e., shear strength) and normal stress are correlated. Therefore, if the normal stress 
at the time of mobilization of peak shear stress can be estimated with some certainty, the peak 
shear stress can be calculated. The proposed model for the peak shear stress (fsp) is shown below 
 
fsp = (σni + Δσn )× tanφ 'm          (11-20) 
 
where fsp is the peak shear stress (i.e., shear strength), σni is the initial normal stress, Δσn is the 
change in normal stress at the onset of mobilization of peak shear stress and φ'm is the rock mass 
drained friction angle. The model uses the friction angle of rock mass as the argument of the 
tangent function. It is because i) Williams (1980) observed (from his drilled shaft load tests in 
Sydney siltstone) that failure plane was in the rock for the weathered Sydney siltstone and not 
necessarily at the rock/concrete interface, ii) relative displacement at the rock/concrete interface 
and the resulting wear will generate a shear-band between the rock mass and the drilled shaft. 
The shear strength of the shear-band is best characterized by the shear strength of the rock 
minerals. The estimated rock mass friction angle is within the range of residual to fully softened 
friction angle of rock masses in the load test database and therefore is representative of the shear 
952
strength of the shear-band and iii) Potyondy (1961) performed interface tests between the 
concrete and sand, cohesionless silt, cohesive granular soil and clay. Potyondy (1961) observed 
that the interface friction angle ranged from 0.9 to 1 times the internal friction angle of the soil 
types that were tested by him. Potyondy (1961) test results further indicate that the interface 
friction angle between soil and concrete can be very similar to the friction angle of the 
geomaterial itself even if the shear plane is at the rock/concrete interface. It must be noted that 
these friction angles do not account for the roughness of the shear surface, resulting dilation and 
change in the normal stress at this interface. These effects are incorporated explicitly by adding 
the term Δσn that is the additional increase in normal stress on the shear surface due to the 
dilative nature of the rough interface. The estimation of the rock mass friction angle (φ'm) is 
discussed in Chapter 5. The prediction of initial normal stress is discussed in Chapter 7 and the 
evaluation of the change in normal stress is discussed in the subsequent sections. The predicted 
values of rock mass friction angle and initial normal stress are used in calculation of the change 






− σni           (11-21) 
 
The change in the normal stress may be back-analyzed by applying Equation 11-21 to the 
drilled shaft test results reported in side resistance database (Appendix B). Therefore, 
development of a probabilistic model for Δσn will represent the uncertainty inherent in measured 
values of fsp, estimated initial normal stress (σni) and estimated rock mass friction angle (φ'm). 
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When probabilistic model for change in normal stress (Δσn) is plugged in Equation 11-20, it will 
lead to a probabilistic model for fsp because Δσn model parameters’ variability also include the 
uncertainty inherent in σni and φ'm. 
 
11.8.1 Estimation of initial normal stress (σni) 
The estimation of the initial normal stress on rock socket walls is studied in Chapter 7 
and a method is proposed for that purpose. The magnitude of the initial normal stress on the 
shear surfaces on the perimeter of rock sockets in drilled shafts is required for design of drilled 
shafts in soft rock as discussed in the previous section (e.g., Hassan, 1994; Hassan et al., 1997; 
Coolingwood, 2000). The discussions in Chapter 7 suggest that the calculation of the initial 
normal stress based on the hydrostatic head of concrete would provide a good approximation of 
the initial lateral pressures and that alternative methods (e.g., Brown and Hoek, 1978; Goodman, 
1980) will not lead to a significant decrease in the uncertainty in predictions of initial horizontal 
stresses on the sides of drilled shafts in soft rocks. Additionally, comparisons of initial and final 
(i.e., normal stress at the onset of mobilization of the peak shear stress) normal stresses reported 
for drilled shafts in Appendix B and comparison of the same variables from constant normal 
stiffness (CNS) direct shear tests on synthetic rock/concrete interfaces reported in Appendix C 
suggest that the initial normal stress is only a fraction of the total normal stress that acts on the 
shear surfaces on the perimeter of rock sockets when the peak shear stress is mobilized and thus 
the uncertainty in its prediction will not affect the final results significantly. Therefore, the initial 
normal pressure (σni) will be calculated as follows 
 
σni = hc × γ c ≤ 3× σv           (11-22) 
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where hc is the head of concrete above the center of the shaft segment of interest and γc is the unit 
weight of the concrete. The upper-bound proposed in Equation 11-22 is based on the maximum 
meaningful observed horizontal stresses in soft rock masses that are reported in Appendix C. 
 
11.8.2 Estimation of change in normal stress at failure (Δσn) 
Vesic (1963) wrote “it appears, however, that both base resistance po [qf] and skin 
resistance so [fsp] are linear functions of vertical stress at failure, qf [σvf]. This stress is not 
necessarily equal nor proportional to the overburden pressure q [σvo].” Therefore, the effect of 
change in the state of stress in the surrounding rock mass should be considered in design. The 
sliding mechanism on confined shear surfaces in the perimeter of rock sockets in drilled shafts in 
soft rock masses is accompanied by significant changes in the normal stress that acts on this 
shear plane. The normal stress on the shear plane at the onset of mobilization of the peak shear 
stress is determined using Equation 11-23 
 
σnp = σni + Δσn           (11-23) 
 
where σnp is the total normal stress that corresponds to the peak shear stress, σni is the initial 
normal stress and Δσn is the change in the normal stress from initial condition to the normal 
stress that is required to mobilize the peak shear stress. The deviation of the final normal stress 
from the initial value is dependent on the roughness of the shear plane and the degree of 
alteration of the rock mass and its weathering condition. For example, Barton and Choubey 
(1977) pointed out that “in general, a weak rough joint wall will suffer more damage during 
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shear than a strong smooth surface, though neither will dilate strongly. Only those surface with 
high JCS and high JRC dilate strongly at the instant of peak strength.” Nonetheless, the final 
normal stress should be estimated accurately. It is realized by the review of Equation 11-20 that 
the magnitude of the change in normal stress (Δσn) greatly affects the peak shear stress and our 
ability to predict this important parameter will influence the overall reliability of the predicted 
peak shear stress and directly governs the resulting resistance factor for evaluation of the 
ultimate limit state in the proposed probabilistic limit state framework that was introduced 
earlier. It also affects the reliability of the predicted t-z relationship because fsp is needed in the 
hyperbolic model proposed for prediction of the pre-peak range of the t-z relationship. Therefore, 
a reasonable understanding of the factors affecting the change in normal stress (Δσn) and 
consequently the final normal stress (σnp) is important. Two types of test results are available for 
study of Δσn. The first group of tests pertains to results of constant normal stiffness (CNS) direct 
shear tests on rock/concrete interfaces (see Appendix C and Chapter 4). The second group 
corresponds to the results of drilled shaft axial load tests in soft rock (see Appendix B and 
Chapter 3). 
Review of Figure 11.14 that pertains to the results of CNS direct shear tests shows that as 
the rock becomes stronger (as represented by qu and friction angle of the rock mass, φ'm), the 
interface experiences a greater change in normal stress. This is explained by the fact that a 
stronger interface supports larger dilations before its asperities are sheared off or crushed under 
the large contact stresses that are generated at the interface. A rock/concrete interface with larger 
normal stiffness develops a greater change in the normal stress as expected. Johnston et al. 
(1987) also showed that higher normal stiffness produces higher shear stresses, which implies 
greater change in normal stress. Figure 11.14 also shows that the interfaces with greater initial 
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normal stress experienced a greater change in the normal stress. Interfaces with larger asperity 
angles and heights also experienced larger changes in the normal stress at failure. These 
interfaces most probably experienced higher dilations as well. 
The side resistance database (Appendix B and Chapter 3) and Equation 11-21 are used to 
back-calculate the change in the normal stress that is required for mobilization of the peak shear 
stress from the results of the drilled shaft axial load tests in soft rock masses. It is noted that the 
range of back-calculated normal stresses for drilled shafts in soft rock (see Appendix B) is 
comparable to those reported by Barton and Choube (1977) (i.e., 0.1 to more than 2 MPa based 
on date provided by Barton and Choubey, 1977). The friction angle of rock mass (φ'm) is 
obtained following the approach proposed in Chapter 5. The back-analyzed change in the normal 
stress and the known properties of the rock mass, interface characteristics and the boundary 
conditions will be used to study the factors that affect the change in the normal stress from initial 
conditions to the onset of mobilization of peak shear stress (fsp). The variation of the back-
analyzed change in normal stress (Δσn) with the measurable variables that are believed to affect 
the normal stress change and thus to affect the peak shear stress are presented in Figure 11.15. 
The amount of scatter in Figure 11.15 is significant but the data are yet revealing. This figure 
shows that the change in the normal stress will increase with an increase in the unconfined 
compressive strength (qu), modulus of deformation of the rock mass (Em), geological strength 
index (GSI) and normal stiffness of the adjacent rock mass (Kn = Em/[(1-ν)×r]). The change in 
the normal stress decreases with increase in head of concrete (hc), shear length (l), initial normal 
stress (σni) and the diameter of the drilled shaft (B). The decrease in the change in the normal 
stress with increase in the drilled shaft diameter (B) and shear length (l) is expected because as l 
and B increase, the number of fissures and joints that interact with the drilled shaft will also 
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increase and thus leads to a less stiff response. As a result, this leads to a lesser increase in the 
normal stress on the shear plane. This is consistent with the effect of shear profile length on the 
peak shear strength of rock joints where shear strength decrease as surface area of the joint 
increases (Barton and Choubey, 1977). Analogy may be made in this case with the results of 
Standard Penetration Tests (SPTs) in stiff and fissured clays where it is observed (Terzaghi et al., 
1996) that penetration resistance rapidly increases as the depth of test increases and fissure 
spacing increases. The change in normal stress appears to not change with depth from the ground 
surface (DGS), depth from the top of rock formation (DTOR) and the displacement required to 
mobilize peak shear stress. 
Analysis of the change in the normal stress back-analyzed from the drilled shaft load test 
database leads to similar general conclusions drawn from the analysis of CNS direct shear tests. 
Figure 11.16 shows a comparison between the variations of change in normal stress (Δσn) with 
normal stiffness of the interface (Kn) observed from the constant normal stiffness (CNS) direct 
shear tests and the trends obtained from the results of drilled shaft load tests. A few important 
items require further discussion: 
 
1. Figure 11.16 shows that the results of CNS direct shear tests are representative of the 
behavior of shear surfaces in drilled shafts in soft rock. The scatter in the laboratory data 
is about the same as that is seen in the data obtained from the field load tests. This may be 
explained by the fact that shearing process in CNS direct shear tests produces a shear-
band that consists of rock debris and thus shearing is not occurring strictly at the 
rock/concrete interface. 
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2. The agreement between the results obtained for variation of Δσn with the normal stiffness 
(Kn) obtained from the in situ drilled shaft load tests in soft rock masses and those from 
CNS direct shear tests shows that the method proposed for back-analysis of the change in 
normal stress (Δσn) from drilled shaft axial load tests is a robust method and provides 
reliable results. 
 
Despite the fact that the results pertaining to the change in normal stress (Δσn) obtained 
from drilled shaft load tests and CNS direct shear tests are in good agreement, the Author 
chooses to use solely the result of the in situ drilled shaft load tests (data from Appendix B) for 
the development of the probabilistic equation for prediction of the change in the normal stress 
(Δσn) for rock sockets. The method of Gardoni et al. (2002) is used for the development of the 
design model for prediction of the change in the normal stress (Δσn). Based on the analysis of the 
drilled shaft load tests and CNS direct shear tests, an initial proposal for the variables of model 
for prediction of the change in the normal stress is below 
 













        (11-24) 
 
The explanatory functions that are shown in Equation 11-24 are also summarized in 
Table 11.2. Similar to the previous models, all explanatory functions will not contribute equally 
to the overall predictive capacity of the sought probabilistic model for Δσn. These dimensionless 
terms are used in the method of Gardoni et al. (2002) to select the most important variables that 
959
are needed for prediction of the change in normal stress. The stepwise deletion process is shown 
























       (11-25) 
 
All model variables have been defined in the previous sections. The change in the normal 
stress (Δσn) given by Equation 11-25 is in units of MPa. The model parameters and their 
statistics as well as the statistics of the overall model are summarized in Table 11.4. The 
comparison of the predictions of the proposed model with the back-analyzed change in normal 
stress for drilled shafts in side resistance database (Appendix B) is shown Figure 11.18. 
 
11.9 Fitting Ratio (Rf) 
The peak shear stress in a rectangular hyperbolic model is reached at an infinite 
displacement whereas the observed peak shear stress in measured t-z relationships for side 
resistance of drilled shafts in soft rock is mobilized at a finite shear displacement. Similar 
observations were made for observed stress-strain relationship in soils (Kondner, 1963; Mesri et 
al., 1981). To empirically account for this limitation of the hyperbolic model, previous 
investigators (Kondner, 1963; Duncan and Chang, 1970; Mesri et al., 1981; Bandis et al., 1983; 
Terzaghi et al., 1996) proposed a Fitting Ratio (Rf) (after Mesri et al., 1981) that is the ratio of 





          (11-26) 
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Mesri et al. (1981) summarized values of Rf from different researchers and showed that 
Rf can range from 0.74 to 1.0 for soils. The Author applied the hyperbolic model to the 340 t-z 
relationships from 292 drilled shaft load tests in soft sedimentary rocks. The analysis results 
show that Rf for 78% of the drilled shaft load tests studied herein ranges from 0.7 to 1.0 with a 
mean value of 0.95 that is in agreement with Rf values reported in the published literature. It 
must also be noted that about 20% of drilled shafts show calculated Rf values of 1.0 to 1.5 and 
less than 2% of the drilled shafts have Rf values of less than 0.7. Based on the analysis presented, 
an Rf value of 0.95 is proposed for design purposes. 
 
11.10 Post-peak Behavior and Brittleness Index (IB) 
The post-peak behavior of rock and concrete interfaces was discussed in Chapter 4. More 
than one mechanism may be responsible for the loss in shear strength with post-peak 
displacement. Bishop (1967) defined a Brittleness Index (IB) to describe the brittleness of various 
clays and sands in terms of their peak and residual shear strength. Following the work of Bishop 
(1967) (with some modifications), the reduction in the shear strength with post-peak 








          (11-27) 
 
where IB is the Brittleness Index, fsu is the ultimate shear stress of the interface and fsp is the peak 
shear stress of the interface and zu and zp are displacements at ultimate and peak conditions, 
respectively. The concept of brittleness index has been used by other investigators (e.g., 
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Richards, 1975) to evaluate the effect of post-peak displacement on the shear strength of the rock 
joints. The brittleness index (IB) normalized with the value of peak shear stress for constant 
normal stiffness direct shear tests is shown in Figure 11.19 and is discussed in more detail in 
Chapter 4. The degradation of the shear stress at the rock/concrete interface in CNS direct shear 
tests is related to the interface roughness characteristics (i.e., asperity height and angle), shear 
strength of the rock (i.e., compressive strength and rock mass friction angle), the normal stiffness 
of the interface that is defined by the rock mass and the diameter of the drilled shaft and the wear 
of interface asperities as suggested by previous investigators (e.g., Marsal, 1967 for tests on 
rockfills and Coulson, 1970; Jaeger, 1971 for tests on rock joints) and the resulting contractive 
behavior. The shearing off of the interface surface irregularities is discussed in detail by Lam and 
Johnston (1989). Figure 11.19 shows that the consequence of asperity crushing is more 
detrimental for regular and irregular triangular interfaces. Fractal interfaces that are the best 
approximations for actual rock sockets suffer less asperity destruction and the reduction in shear 
strength is not as severe compared to interfaces with regular and irregular asperities that often 
exhibit brittle and unstable post-peak sliding. The interfaces with larger initial normal stiffness 
also suffer less reduction in the shear strength because for the same degree of asperity crushing, 
they experience a lessor degree of normal stress loss. 
The brittleness of the shear surfaces on the perimeter of rock sockets constructed in soft 
rock mass is studied in Figure 11.20 for post-peak displacement of 15 mm. This figure shows the 
variation of the normalized IB at a given value of post-peak displacement because the post-peak 
displacement is anticipated to affect the magnitude of wear and thus stress loss and therefore 
should be isolated to study the other variables that may affect the IB. Review of the data 
presented in Figure 11.20 shows a great degree of scatter but is yet revealing about the important 
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variables that need to be accounted for in formulation of the probabilistic model for IB. Study of 
these figures and previous discussions suggest that length of the shear surface (l), the unconfined 
compressive strength of the soft rock (qu), the normal stress at the onset of mobilization of the 
peak shear stress (σnp) and the post-peak displacement (zpp) govern the post-peak behavior. 
Therefore, the model takes the following form 
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The method of Maximum Likelihood and the stepwise deletion process (Gardoni et al., 
2002) are now used for determination of the final model form and for determination of the 
unknown model parameters and their corresponding distributions. The explanatory functions for 
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The unknown model parameters are obtained using the Maximum Likelihood method and 
are summarized in Table 11.5. The stepwise deletion process is shown in Figure 11.21 and the 
comparison of the predicted IB with the measured (back-analyzed) values are shown in Figure 
11.22. The comparison of the predicted and measured IB are in good agreement. Figure 11.22 
also shows that the assumptions in method of Gardoni et al. (2002) are met. 
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11.11 Concluding Remarks 
The side resistance behavior of drilled shafts in soft rock was studied in the previous 
sections. Laboratory and in situ data are used to better understand the factors that control the 
shear stress-shear displacement of the shear surfaces that form on the perimeter of rock sockets 
in drilled shafts in soft rocks. Models were proposed for the shear stress-shear displacement, 
initial shear stiffness (Ksi), peak shear stress (fsp) and brittleness index (IB). The following 
remarks may be made in relation to the side resistance of drilled shafts in soft rock: 
 
1. The shear stress-shear displacement behavior of shear surfaces that form on the perimeter 
of rock sockets in drilled shafts in soft rock and that of rock joints is similar in many 
ways. 
2. The pre-peak shear stress-shear displacement (t-z) relationship in drilled shafts can be 
modeled using a rectangular hyperbolic model. The initial shear stiffness of the interface 
and the peak shear stress are required to use the hyperbolic model. 
3. The initial shear stiffness is strongly correlated with the unconfined compressive strength 
(qu) and the Geological Strength Index (GSI) of the rock mass. It can be also observed 
that an increase in the shear length appears to decrease the initial shear stiffness in side 
resistance. The diameter of the drilled shaft (B), depth of embedment (from top of rock 
denoted by DTOR and from ground surface denoted by DGS) and the initial normal stress 
do not seem to have any important effect on the initial shear stiffness in side resistance as 
well. 
4. The peak shear stress is strongly correlated to the total normal stress that operates on the 
shear surface at the onset of mobilization of the peak shear stress. The total normal stress 
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was shown to depend on the weathering of rock mass as well as the properties of the 
intact rock. This normal stress is also governed by the properties of the interface such as 
surface irregularities. 
5. The post-peak drop in the side resistance was attributed to different factors such post-
peak displacement and the resulting wear and degradation of the interface and changes in 
the normal stress. The drilled shaft database were used and a model was developed that 
provides the secant slopes of the lines that connect the coordinates of the peak shear 









Table 11.1 Summary of drilled shaft side resistance load test database 
Database component Description 
Type of soft rock Sandstone and siltstone 
Shale, mudstone, claystone and stiff clay 
Limestone, chalk, dolomite and marl 
Granite, gypsum and conglomerate 
Unconfined compressive strength (qu) 78 kPa < qu < 36 MPa 
Rock quality designation (RQD) 0 < RQD < 65% 
Geological strength index (GSI) 3 < GSI < 70 
Rock mass friction angle (φ'm) 12 < φ'm < 42 degrees, φ'm,avg = 25.4 degrees 
Rock mass cohesion intercept (c'm) 0.33 < c'm < 625 kPa, c'm,avg = 68.1 kPa 
Back-analyzed modulus of deformation (Em) 10 MPa < Em < 19 GPa 
Socket geometry 46 < B < 2440 mm 
0.25 < DGS < 49 m 
0 < DTOR < 33 m 
Test shaft concrete 21 < f’c < 55 MPa 
22 < Ec < 45 GPa 
Slump: 0 to 229 mm 
Load test method Osterberg tests, conventional top loaded tests, 







Table 11.2 List of proposed correction terms for side resistance models 
hi (x) Dimensionless 
correction terms 
Model 







h1 1 ✕ ✕ ✕ 
h2 Ln (qu/Pa) ✕ ✕ ✕ 
h3 Ln (DGS/B) ✕   
h4 Ln (DTOR/B) ✕   
h5 Ln (Em/Pa) ✕ ✕  
h6 Ln (GSI) ✕ ✕  
h7 Ln (l/B) ✕ ✕ ✕ 
h8 Ln (hc/B) ✕ ✕  
h9 Ln (σ’ni/Pa) ✕   
h10 Ln (h/B) ✕   
h11 Ln (zpp/B)   ✕ 








Table 11.3 Summary of the model parameters for probabilistic model for initial shear 
stiffness (Ksi) 
Parameter Mean St. dev. Correlation coefficient 
θ1 θ2 θ5 θ7 σ 
θ1  -1.4756 0.2229 1     
θ2  -1.4818 0.1064 0.3846 1    
θ5 0.77 0.0536 -0.6843 -0.9165 1   
θ7  -0.7583 0.0753 -0.7049 -0.4409 0.5442 1  








Table 11.4 Summary of model parameters for probabilistic model for change in normal stress 
(Δσn) 
Parameter Mean St. dev. Correlation coefficient 
θ1 θ8 θ2 θ5 σ 
θ1  -0.3524 0.4087 1     
θ8  -0.3656 0.1117 -0.241 1    
θ2 1.1887 0.2366 0.7544 0.3644 1   
θ5  -0.3754 0.1333 -0.8415 -0.2739 -0.9834 1  








Table 11.5 Summary of model parameters for probabilistic model for Brittleness Index (IB) 
Parameter Mean St. dev.  Correlation coefficient 
θ1 θ2 θ10 θ11 θ12 σ 
θ1  -8.5161 0.5268 1      
θ2  0.6384 0.079 -0.2061 1     
θ1 0 0.7598 0.0866 0.7715 -0.0044 1    
θ1 1  -0.5869 0.0937 0.2001 0.0184 -0.0134 1   
θ1 2  1.0005 0.0887 -0.345 -0.6705 -0.2105 0.1761 1  














Figure 11.2 Variation of modulus of deformation of rock mass (Em) with unconfined 
compressive strength (qu) for intact rock based on field plate load tests and back-
analysis of drilled shaft load tests (data obtained from published literature: plate 
load test data from Chern et al., 2004 and references to data from q-z and t-z 
relationships back-analyzed from drilled shaft case records are provided in 








Figure 11.3 Variation of measured rock socket wall roughness height (h) and the unconfined 
compressive strength (qu) of the intact soft rock (all data from published literature: 







Figure 11.4 Normalized t-z relationships (for large diameter drilled shafts, i.e., B > 400 mm, 
after Horvath and Kenney, 1979) for drilled shaft load tests in soft rocks for all 
roughness classes proposed by Pells et al. (1980). All data from the published 








Figure 11.5 Typical shear stress-shear displacement relationship for rock joints (data from 








Figure 11.6 Transformed t-z relationship. Evaluation of the suitability of the hyperbolic model 
for representation of the pre-peak range for the t-z relationships obtained from 









Figure 11.7 Evaluation of the suitability of the hyperbolic model for representation of the pre-
peak range for the t-z relationships. Goodness of fit (R2 values) from analysis of 
340 t-z relationships from 292 in situ load tests in soft rock (all data from case 







Figure 11.8a Proposed model for the side resistance t-z relationship. The pre-peak portion is 
represented by the hyperbolic model and the post-peak softening is represented 








Figure 11.8b Variation of the normalized peak shear displacement (i.e., zp/B) with 
modulus of deformation of rock mass (Em). This relationship may be used 
to predict the local displacement required to mobilize the peak shear 
strength in rock sockets in soft rock mass. All data from published 





Figure 11.9 Variation of initial shear stiffness (Ksi) in CNS direct shear tests with different 
variables for profiles with Fractal, Irregular Triangular and Regular Triangular 
roughness patterns (all data from literature: Williams, 1980; Kodikara, 1989; 







Figure 11.10 Comparison of the methods of calculation of initial shear stiffness for the t-z 




Figure 11.11 Variation of initial shear stiffness (Ksi) in drilled shaft side resistance database 








Figure 11.12 Stepwise deletion process for development of probabilistic model for initial shear 






Figure 11.13 Comparison of the deterministic (Kulhawy and Carter, 1992) and probabilistic 





Figure 11.14 Variation of the change in normal stress (Δσn) at peak shear stress in CNS direct 
shear tests with different parameters for profiles with Fractal, Irregular Triangular 
and Regular Triangular roughness patterns (all data reported in Appendix C and 







Figure 11.15 Variation of the change in normal stress with properties of the rock mass, 
interface and interface boundary conditions for drilled shafts in soft rock mass (all 







Figure 11.16 Variation of the change in normal stress at peak shear stress (Δσn) with normal 
stiffness (Kn) of the shear surface. Comparison between CNS direct shear test data 
and drilled shaft field load tests in soft rock (all data from published literature, see 








Figure 11.17 Stepwise deletion process for the selection of the model variables and parameters 






Figure 11.18 Comparison of the proposed probabilistic model for the peak shear stress (fps) 
with the back-calculated (measured) peak shear stress from the field load tests in 




Figure 11.19 Variation of the normalized brittle index in CNS direct shear tests with different 
variables for profiles with Fractal, Irregular Triangular and Regular Triangular 







Figure 11.20 Effect of different variables on the normalized brittleness index at a post-peak 
displacement of 15 mm from drilled shaft load test database (all data from 







Figure 11.21 The stepwise deletion process for determination of the unknown model 







Figure 11.22 Comparison of the back-calculated (measured) and predicted values of brittleness 




Abu-Hejleh, N., O’Neill, M.W., Hanneman, D., et al. (2003), Improvement of the geotechnical 
axial design methodology for Colorado’s drilled shafts socketed in weak rocks. Colorado 
Department of Transportation, Denver, CO, USA, Final Contact Report No. CDOT-DTD-
R-2003-6. 
Allen, D.E. (1975), Limit states design—a probabilistic study. Canadian Journal of Civil 
Engineering, 2(1): 36-49. 
Amontons, G. (1699), On the resistance originating in machines, 206-222. 
Baikie, L.D. (1998), Comparison of limits states design methods for bearing capacity of shallow 
foundations. Canadian Geotechnical Journal, 35(1): 175-182. 
Bandis, S. (1980), Experimental studies of scale effects on shear strength and deformation of 
rock joints. Ph.D. thesis, Department of Earth Sciences, University of Leeds, Leeds, 
England. 
Bandis, S.C., Lumsden, A.C., and Barton, N.R. (1983), Fundamentals of rock joint deformation. 
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 
20(6): 249-268. 
Barton, N. and Choubey, V. (1977), 'The shear strength of rock joints in theory and practice', 
Rock mechanics, 10 (1), 1-54. 
Barton, N., Bamford, W.E., Barton, C.M., and et al. (1978), Suggested methods for the 
quantitative description of discontinuities in rock masses. International Journal of Rock 
Mechanics and Mining Sciences and Geomechanics Abstracts, 15(6): 319-368. 
Barton, N., and Bandis, S. (1982), Effects of block size on the shear behavior of jointed rock. 
The 23rd U.S Symposium on Rock Mechanics (USRMS), Berkeley, California, USA. 
Becker, D.E. (1996), Eighteenth Canadian Geotechnical Colloquium: Limit States Design For 
Foundations. Part I. An overview of the foundation design process. Canadian Geotechnical 
Journal, 33(6): 956-983. 
Bishop, A. W. (1967). Discussion, Session 2. Shear strength of stiff clay. Paper presented at the 
Geotechnical Conference, Oslo, pp. 142-150. 
Bernal, J.B., and Reese, L.C. (1983), Study of the lateral pressure of fresh concrete as related to 
the design of drilled shafts. Center for Transportation Research Report 308-1F, The 
University of Texas at Austin, Austin, Texas, USA. 
994
Box, G.E.P., and Cox, D.R. (1964), An Analysis of Transformations. Journal of the Royal 
Statistical Society. Series B (Methodological), 26(2): 211-252. 
Brace, W.F., and Byerlee, J.D. (1966), Stick-Slip as a Mechanism for Earthquakes. Science, 153 
(3739): 990-992. 
Briaud, J.L., Gardoni, P., and Yao, C. (2014), Statistical, Risk, and Reliability Analyses of 
Bridge Scour. Journal of Geotechnical and Geoenvironmental Engineering, 140(2): 
04013011. 
Brown, E.T., and Hoek, E. (1978), Trends in relationships between measured in-situ stresses and 
depth. International Journal of Rock Mechanics and Mining Sciences & Geomechanics 
Abstracts, 15(4): 211-215. 
Burland, J.B., and C.P. Wroth. (1975), Settlement of buildings and associated damage. 
Transportation research board Report CP 33/75, Hertford, England. 
Byerlee, J.D. (1967), Theory of Friction Based on Brittle Fracture.  Journal of Applied Physics, 
38 (7): 2928-2934. 
Chern, J.C., Chang, Y.L., Lee, K.R., Yu, C.W., Li, T.J., Li, J.Y., Xu, D.J., Zhang, G., Min, H., 
and Yuan, C.H. (2002), Correlation study on the deformation modulus and rating of rock 
mass. Sinotech Engineering Consultants, Inc. Report R-GT-97-04, Taipei, Taiwan. 
Clear, C.A., and Harrison, T.A. (1985), Concrete pressure on formwork. Construction Industry 
Research and Information Association Report 108, London, U.K. 
Clough, G.W., and Duncan, J.M. (1969), Finite element analyses of Port Allen and Old River 
Locks: a report of an investigation. College of Engineering, University of California-
Berkeley Report TE 69-3, Vicksburg, Mississippi, USA. 
Coulomb, C.A. The theory of simple machines. 10: 161-331. 
Coulson, J.H. (1970), The effects of surface roughness on the shear strength of joints in rock. 
Ph.D. thesis, Department of Civil and Environmental Engineering, University of Illinois at 
Urbana-Champaign, Urbana, Illinois, USA. 
Collingwood, B. (2000), The effect of construction practices on the performance of rock 
socketed bored piles. Ph.D. thesis, Monash University, Melbourne, Australia. 
Deere, D.U., and Miller, R.P. (1966), Engineering classification and index properties for intact 
rock. University of Illinois at Urbana-Champaign/Air Force Weapons Laboratory Report 
AFWL-TR-65-116, Urbana, Illinois. 
995
Deere, D. U. and Patton, F.D. (1971), 'Slope stability in residual soils', Proceedings of Fourth 
Panamerican Conference on Soil Mechanics and Foundation Engineering (San Juan, 
Puerto Rico). 
Duncan, J.M., and Chang, C.Y. (1970), Nonlinear analysis of stress and strain in soils. Journal of 
the Soil Mechanics and Foundation Division, 96(SM5): 1629-1653. 
 
Ellingwood, B., and Galambos, T.V. (1982), Probability-based criteria for structural design. 
Structural Safety, 1(1): 15-26. 
Gardoni, P., Der Kiureghian, A., and Mosalam, K.M. (2002), Probabilistic Capacity Models and 
Fragility Estimates for Reinforced Concrete Columns based on Experimental Observations. 
Journal of Engineering Mechanics, 128(10): 1024-1038. 
Gu, X. F. (2001), Shear behaviour of sandstone-concrete joints and pile shafts in sandstone. 
Ph.D. thesis, Department of Civil Engineering, Monash University, Melbourne, Australia. 
Gupta, R.C. (2012), Hyperbolic Model for Load Tests on Instrumented Drilled Shafts in 
Intermediate Geomaterials and Rock. Journal of Geotechnical and Geoenvironmental 
Engineering, 138(11): 1407-1414. 
Goodman, R.E. (1969), The deformability of joints. Symposium on determination of the in situ 
modulus of deformation of rock, American Society for Testing and Materials, Denver, 
Colorado. 
Goodman, R.E. (1980), Introduction to rock mechanics. 1st ed., John Wiley and Sons, New 
York, USA. 
Hassan, K.M. (1994), Analysis and design of drilled shafts socketed into soft rock. Ph.D. thesis, 
Department of Civil and Environmental Engineering, University of Houston, Houston, 
Texas, USA. 
Hassan, K.M., O’Neill, M.W., Sheikh, S.A., and Ealy C.D. (1997), Design Method for Drilled 
Shafts in Soft Argillaceous Rock. Journal of Geotechnical and Geoenvironmental 
Engineering. 123(3): 272-280. 
Hirany, A. (1988), Test loading of drilled shafts. Ph.D. thesis, Cornell University, Ithaca, New 
York. 
Hirayama, H. (1990), Load-settlement analysis for bored piles using hyperbolic transfer 
functions. Journal of Soils and Foundations, 30(1): 55-64. 
996
Hoek, E. (1983), Strength of jointed rock masses. Géotechnique, 33(3): 187-223. 
Hoek, E., and Brown, E.T. (1997), Practical estimates of rock mass strength. International 
Journal of Rock Mechanics and Mining Sciences, 34(8):1165-1186. 
Hoek, E., and Diederichs, M.S. (2006), Empirical estimation of rock mass modulus. International 
Journal of Rock Mechanics and Mining Sciences, 43(2): 203-215. 
Horn, H.M., and Deere, D.U. (1962), Frictional Characteristics of Minerals. Géotechnique, 
12(4): 319-335. 
Horvath, R.G., and Kenney, T.C. (1979), Shaft resistance of rock-socketed drilled piers. In 
Proceedings of the Symposium on Deep Foundations, ASCE, New York, NY, USA, pp. 
182-214. 
Horvath, R. G., Kenney, T. C., and Kozicki. P. (1983), Methods for improving the performance 
of drilled piers I weak rock. Canadian Geotechnical Journal, 20(4): 758-772. 
Horvath, R. G. and Chae, K. J. (1989), Long-term settlement of model rock-socketed piers. 
Canadian Geotechnical Journal, 26(3): 348-358. 
Hungr, O., and Coates, D.F. (1978), Deformability of joints and its relation to rock foundation 
settlements. Canadian Geotechnical Journal, 15(2): 239-249. 
Jaeger, J.C. (1971), Friction of Rocks and Stability of Rock Slopes.  Géotechnique, 21(2): 97-
134. 
Jeong, S., Ahn, S., and Seol, H. (2010), Shear Load Transfer Characteristics of Drilled Shafts 
Socketed in Rocks. Rock Mechanics and Rock Engineering, 43(1): 41-54. 
Johnston, I.W., Lam T.S.K., and Williams, A.F. (1987), Constant normal stiffness direct shear 
testing for socketed pile design in weak rock. Géotechnique, 37(1): 83-89. 
Jubenville, D.M., and Hepworth, R.C. (1981), Drilled pier foundations in shale – Denver 
Colorado Area. In Proceedings of the Drilled Piers and Caissons: Foundations in Shale, 
Geotechnical Engineering Division at ASCE National Convention, St. Louis, MO, USA, 
pp. 66-81. 
Kaderabek, T.J., and Reynolds, R.T. (1981), Miami limestone foundation design and 
construction, Journal of the Geotechnical Engineering Division, 107(GT7): 859-872. 
Kanji, M.A. (2014), Critical issues in soft rocks. Journal of Rock Mechanics and Geotechnical 
Engineering, 6(3): 186-195. 
997
Kodikara, J.K. (1989), Shear behaviour of rock-concrete joints and side resistance of piles in 
weak rock. Ph.D. thesis, Department of Civil Engineering, Monash University, Melbourne, 
Australia. 
Kondner, R.L. (1963), Hyperbolic stress-strain response: cohesive soils. Journal of the Soil 
Mechanics and Foundation Division, 89(SM1): 115-143. 
Krahn, J., and Morgenstern, N.R. (1979), The ultimate frictional resistance of rock 
discontinuities. International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 16(2): 127-133. 
Kulhawy, F.H., Phoon, K.K., and Prakoso, W.A. (2000), Uncertainty in basic properties of 
geomaterials. ISRM International Symposium, Melbourne, Australia. 
Kulhawy, F.H. (1978), Geomechanical model for rock foundation settlement. Journal of the 
Geotechnical Engineering Division, 104(GT1): 211-227. 
Kulhawy, F.H., and Carter, J.P. (1992), Socketed foundations in rock masses. In Engineering in 
Rock Masses. Edited by F.G. Bell. Oxford, pp. 509-529. 
Kulhawy, F.H., and Phoon, K.K. (2006), Some Critical Issues in Geo-RBD Calibrations for 
Foundations. In Proceedings of GeoCongress 2006, Atlanta, Georgia, USA, 1-6. 
Kulhawy, F.H., and Prakoso W.A. (2008), Issues in Evaluating Capacity of Socketed Rock 
Foundations. In The 12th International Conference of International Association for 
Computer Methods and Advances in Geomechanics (IACMAG), Goa, India, 3297-98. 
Kulhawy, F.H., Prakoso, W.A., and Akbas, S.O. (2005), Evaluation of Capacity of Rock 
Foundation Sockets. In Proceedings of 40th U.S. Symposium on Rock Mechanics. 
Anchorage, Alaska, American Rock Mechanics Association. 
Lam, T.S.K., and Johnston, I.W. (1989), Shear Behavior of Regular Triangular Concrete/Rock 
Joints—Evaluation. Journal of Geotechnical Engineering, 115(5): 728-740. 
McVay, M. C., Townsend, F. C., and Williams, R. C. (1992), Design of Socketed Drilled Shafts 
in Limestone. Journal of Geotechnical Engineering, 118(10): 1626-1637. 
Marinos, P., and Hoek., E. (2001), Estimating the geotechnical properties of heterogeneous rock 
masses such as Flysch. Bulletin of Engineering Geology and the Environment, 60: 85-92. 
Marsal, R.J. (1967), 'Large scale testing of rockfill materials', Journal of the Soil Mechanics and 
Foundations Division, 93 (SM2), 27-43. 
998
Meyerhof, G.G. (1951), The Ultimate Bearing Capacity of Foundations. Géotechnique, 2(4): 
301-332. 
Mesri, G. and Cepeda-Diaz, A. F. (1986), 'Residual shear strength of clays and shales', 
Géotechnique, 36 (2), 269-74. 
Mesri, G., Febres-Cordero, E., Shields, D.R., and Castro, A. (1981), Shear stress-strain-time 
behaviour of clays. Géotechnique, 31(4): 537-552. 
Mesri, G., and Hayat, T.M. (1993), The coefficient of earth pressure at rest. Canadian 
Geotechnical Journal, 30(4): 647-666. 
Mesri, G., and Shahien, M. (2003), Residual Shear Strength Mobilized in First-Time Slope 
Failures. Journal of Geotechnical and Geoenvironmental Engineering, 129(1): 12-31. 
Miller, A. D. (2003), Prediction of ultimate side shear for drilled shafts in Missouri shales. M.S. 
thesis, University of Missouri-Columbia, Missouri, MO. 
Moulton, L.K., GangaRao, H.V.S., and Halvorsen, G.T. (1985), Tolerable movement criteria for 
highway bridges. U.S. Department of Transportation, Federal Highway Administration 
Report FHWA/RD-85/107, Virginia, USA. 
Nieto-Pescetto, A.L. (1974), 'Experimental study of the shear stress-strain behavior of clay 
seams in rock masses', Ph.D. Thesis (University of Illinois at Urbana-Champaign). 
Paikowsky, S.G., Canniff, M.C., Lesny, K., et al. (2010), LRFD Design and Construction of 
Shallow Foundations for Highway Bridge Structures. American Association of State 
Highway and Transportation Officials, Washington, D.C. 
Parry, R.H.G. (2004), Mohr circles, stress path and geotechnics. 2nd ed., Taylor and Francis 
Group, New York, USA. 
Patton, F.D. (1966), Multiple modes of shear failure in rock and related materials. Ph.D., 
University of Illinois at Urbana-Champaign, Urbana, Illinois. 
Pells, P.J.N., and Turner, R.M. (1979), Elastic solutions for the design and analysis of rock-
socketed piles. Canadian Geotechnical Journal, 16(3): 481-487. 
Phoon, K.K., Kulhawy, F.H., and Grigoriu, M.D. (2000), Reliability-based design for 
transmission line structure foundations. Computers and Geotechnics, 26(3–4): 169-185. 
Potyondy, J. G. (1961), 'Skin Friction between Various Soils and Construction Materials', 
Géotechnique, 11 (4), 339-53. 
Rabinowicz, E. 1995. Friction and wear of materials. Wiley. New York. 
999
Reese, L.C., Brown, J.C, and Dalrymple, H.H. (1968), Instrumentation for measurement of 
lateral earth pressure in drilled shafts. Center for Highway Research Report 89-2, The 
University of Texas at Austin, Texas, Austin, USA. 
Reese, L.C. and O'Neill, M. W. (1971), 'Criteria for the design of axially loaded drilled shafts', 
(The University of Texas at Austin). 
Randolph, M.F., and Wroth, C.P. (1978), Analysis of deformation of vertically loaded piles.  
Journal of the Geotechnical Engineering Division, 104(GT12):1465-1488. 
Rao, C.R., and Toutenburg, H. (1999), Linear models: least squares and alternatives. 2nd ed., 
Springer, New York, USA. 
Richards, L.R. (1975), 'The shear strength of joints in weathered rock', PhD Thesis (University of 
London). 
Roberts, L.A., and Misra, A. (2009), Load and resistance factor design (LRFD) of deep 
foundations using a performance-based design approach. Journal of GeoEngineering, 4(3): 
87-92. 
Rosenberg, P., and Journeaux, N.L. (1976), Friction and end bearing tests on bedrock for high 
capacity socket design, Canadian Geotechnical Journal, 13(3): 324-33. 
Rosso, R.S. (1976), A comparison of joint stiffness measurements in direct shear, triaxial 
compression, and In Situ. International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 13(6): 167-172. 
Rowe, R.K. and Armitage, H.H. (1987), A design method for drilled piers in soft rock. Canadian 
Geotechnical Journal, 24(1): 126-142. 
Seidel, J.P. (1993), Analysis and design of pile shafts in weak rock. Ph.D. thesis, Department of 
Civil Engineering, Monash University, Melbourne, Australia. 
Seidel, J. P., and Collingwood, B. (2001), A new socket roughness factor for prediction of rock 
socket shaft resistance. Canadian Geotechnical Journal, 38(1): 138-153. 
Seol, H., Jeong, S., Cho, C., and You, K. (2008), Shear load transfer for rock-socketed drilled 
shafts based on borehole roughness and geological strength index (GSI). International 
Journal of Rock Mechanics and Mining Sciences, 45(6): 848-861. 
Seol, H., Jeong, S., and Cho, S. (2009), Analytical Method for Load-Transfer Characteristics of 
Rock-Socketed Drilled Shafts. Journal of Geotechnical and Geoenvironmental 
Engineering, 135(6): 778-789. 
1000
Skempton, A.W. (1964), Long-Term Stability of Clay Slopes. Géotechnique, 14(2): 77-102. 
Skempton, A.W., and Macdonald, D.H.. (1956), The allowable settlements of buildings. In 
Proceedings of the Institution of Civil Engineers, 5(6): 727-768. 
Snow, D.T. (1972), Fundamentals and in-situ determination of permeability. Symposium on 
Percolation through Fissured Rock, Stuttgart, Germany. 
Stark, T.D., Long, J.H. and Assem, P. (2013), Improvements for determining the axial capacity 
of drilled shafts in shale in Illinois. Illinois Department of Transportation Report No. 
FHWA-ICT-13-017, Illinois, IL, USA. 
Tabandeh, A., and Gardoni, P. (2015), Empirical bayes approach for developing hierarchical 
probabilistic predictive models and its Application to the seismic reliability analysis of 
FRP-retrofitted RC bridges. ASCE-ASME Journal of Risk and Uncertainty in Engineering 
Systems, Part A: Civil Engineering, 1(2):04015002. 
Terzaghi, K., Peck, R.B., and Mesri, G. (1996), Soil mechanics in engineering practice. 3rd ed: 
Wiley-Interscience, New York. 
Toh, C.T., Ooi, T.A., Chiu, H.K., Chee, S.K., and Ting, W.H. (1989), Design parameters for 
bored piles in weathered sedimentary formation. In Proceedings of the 12th International 
Conference on Soil Mechanics and Foundation Engineering, Rio De Janeiro, pp. 1073-
1078. 
Yoshinaka, R., and Yamabe, T. (1986), 3. Joint stiffness and the deformation behaviour of 
discontinuous rock. International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, 23(1): 19-28. 
Vesic, A.S. (1963), 'Bearing capacity of deep foundations in sand', Highway Research Record,  
(39), 112-53. 
Vu, T.T. (2013), Load and resistance factor design of drilled shafts at the service limit state. 
Ph.D. thesis, University of Missouri, Columbia, Missouri, USA. 
Wainshtein, I., Hatzor, Y. H., and Doktofsky, M. (2008), Does shaft resistance of piles in rock 
scale with RQD? In Proceedings of 2nd U.S.-Canada Rock Mechanics Symposium, San 
Francisco. 
Williams, A.F. (1980), The design and performance of piles into weak rock. Ph.D. thesis, 
Department of Civil Engineering, Monash University, Melbourne, Australia. 
1001
Williams, A. F., and Pells, P. J. N. (1981), Side resistance rock sockets in sandstone, mudstone, 
and shale. Canadian Geotechnical Journal 18(4): 502-513. 
Zhang, L.M., and Ng, A.M.Y. (2005), Probabilistic limiting tolerable displacements for 




RESISTANCE FACTORS FOR LRFD DESIGN OF DRILLED SHAFTS IN 
SOFT ROCK MASS 
 
12.1 Introduction 
Drilled shafts are traditionally designed using the Allowable Stress Design (ASD) 
framework. In the ASD approach, different modes of failure are defined and factors of safety are 
used to ensure that the foundation will perform satisfactorily, with respect to each failure mode, 
during its service life (Meyerhof, 1970; Kulhawy et al., 2007). The ASD framework may be 




           (12-1) 
 
where Q is the unfactored axial load on the drilled shaft, R is nominal axial resistance and FS is 
the total factor of safety. The factor of safety is typically taken as 2 to 3 for design of foundations 
(Peck et al., 974; Meyerhof, 1982; Meyerhof, 1984; Baikie, 1985; Meyerhof, 1995; Terzaghi et 
al., 1996; Kulhawy et al., 2007). This range of factor of safety corresponds to roughly a 
probability of failure of 10-4 (Baikie, 1985). 
The use of factor of safety and ASD framework has a number of well-known limitations: 
i) in theory, the factor of safety is affected by the variability in loads, variability in material 
strength, inexactness of the design equations and consequences of failure (Meyerhof, 1970; 
Meyerhof, 1982; Phoon et al., 2003; Kulhawy et al., 2007). The above effects, however, are not 
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quantitatively taken into account when factors of safety are developed (Kulhawy et al., 2007), ii) 
the current factors of safety have not been developed for a “particular method of obtaining 
drilled shaft axial resistance, for a particular method of analysis and for a particular method of 
estimating the soil design parameters” (Phoon et al., 2003). Therefore, the same factor of safety 
can result in significantly different safety margins when used with different design methods, 
construction methods and for drilled shafts in different geologic units. As a result, a unique 
factor of safety cannot properly address the effect of all uncertainties related to the variability in 
loads and resistances and iii) the superstructure is commonly designed using Load and 
Resistance Factor Design (LRFD) framework. Therefore, the use of the ASD for the design of 
the foundation leads to inconsistencies in safety margins between the foundation and 
superstructure. 
Probabilistic Limit State Design (LSD) methods can be used for design of foundations as 
an alternative to ASD framework to accurately account for design uncertainties. The most 
commonly used probabilistic LSD is the Load and Resistance Factor Design (LRFD). This 
framework can be expressed in equation form as follows 
 
φ ×R ≥ γ i ×Qi
i=1
n




φs ×Rs + φ t ×Rt ≥ γ i ×Qi
i=1
n
∑          (12-3) 
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In Equation 12-2, φ is a global resistance factor that is applied to the total axial resistance, 
R is total axial resistance that is the sum of contributions of side and tip resistances, γi is the load 
factor for the ith component of total load and Qi is the ith component of the total axial load. In 
Equation 12-3, φs is the resistance factor that is applied to the side resistance, Rs is the side 
resistance load, φt is the resistance factor that is applied to the tip resistance and Rt is the tip 
resistance load. While Equations 12-2 and 12-3 both follow the LRFD approach in a general 
sense, they have two distinct meanings: 
 
1. In equation 12-2, one unique resistance factor is developed for the overall axial resistance 
of the drilled shaft. 
2. In Equation 12-3, separate resistance factors are calibrated for the different components 
of axial resistance to account for uncertainties in each component individually. 
 
There are several limitations in relation to the “global” resistance factor approach that is 
shown in Equation 12-2: i) the components of the axial resistance (i.e., side and tip) in drilled 
shafts are developed at different axial displacements. Therefore, unless the equations for side and 
tip resistance are displacement compatible, the same resistance factor should not be used to 
account for the overall uncertainty of the design, ii) the mechanisms that are responsible for 
mobilization of side and tip resistances are different and thus their determination entail different 
levels of uncertainty and iii) the relative contribution of each component to overall capacity is 
not equal (Kulhawy et al., 2007). 
To address the above limitations of Equation 12-2, we will calibrate our resistance factors 
separately for side and tip resistance components. 
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12.2 Methods of Calibration of Resistance Factor (φ) 
To adopt the Load and Resistance Factor Design (LRFD) approach, as described in the 
previous section, for the purpose of consistency between the design of the foundation and the 
superstructure, resistance factors (φ) need to be calibrated to produce a prescribed level of safety 
for the designed system (e.g., bridges or building structures). This safety level should be in 
agreement with the acceptable practice. The calibration may performed by one of the following 
methods (Brown et al., 2010): i) judgment, ii) fitting to other codes or acceptable past practice, 
iii) calibration using reliability theory and iv) a combination of method (i) through (iii). Once the 
resistance factors are calibrated, the design engineer need not repeat the calibration process on a 
case-by-case basis. The design engineer, however, needs to be aware of the assumptions used in 
the calibration study. More specifically, the design engineer must realize that each resistance 
factor “is valid only for the specific range of parameters encompassed by the calibration study” 
(Brown et al., 2010). Therefore the following should be noted when each LRFD resistance factor 
is used in design of drilled shafts (Items 1 through 4 are reproduced from Brown et al., 2010): 
 
1. “the design equation must be exactly the same as that used for calibration.” 
2. “the load factors used in the design problem [must] coincide with those used in the 
calibration.” 
3. “the geomaterial type is the same as that for which the calibration study was conducted.” 
4. “soil and rock properties used in the analysis must be determined and interpreted in a 
manner that is consistent with those used in the calibration analysis.” 
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Different approaches have been used in the published literature for calibration of LRFD 
resistance factors. Two of the most commonly used methods that are adopted by Allen (2005) 
and Brown et al. (2010) that are also used in the subsequent sections of this chapter are discussed 
in the following paragraphs. These discussions are based on Haldar and Mahadevan (2000), 
Allen (2005) and Brown et al. (2010). 
 
12.2.1 Calibration by fitting to ASD safety factors 
The calibration by fitting merely transforms the design approach from an Allowable 
Stress Design framework (ASD) to LRFD framework by keeping the same level of safety 
inherent in the past ASD practice. The following expression may be used to obtain the equivalent 













          (12-4) 
 
Where γDL is the load factor for dead loads, γLL is the load factors for the live loads and 
DL/LL is the ratio of the dead loads to live loads that is a function of the bridge span length. The 
following should be noted in relation to Equation 12-4: 
 
1. Equation 12-4 do not account for the variability in the load effects (i.e., bias, standard 
deviation of bias and coefficient of variation of bias) (Allen, 2005). 
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2. Equation 12-4 does not include statistics of the resistance component (i.e., bias, standard 
deviation of bias and coefficient of variation of bias) (Allen, 2005). 
3. The uncertainty in the loads and resistances are collectively represented by the FS that is 
included in the formulation of Equation 12-4. 
 
12.2.2 Calibration by reliability theory 
Calibration using reliability theory involves the determination of the load and resistance 
factors corresponding to a target probability that failure will take place (Allen, 2005). In 
geotechnical engineering, the load factors are often obtained from the structural engineering 
literature (see Table 12.1 from Brown et al., 2010). Therefore, the reliability analysis is only used 
to calibrate the LRFD resistance factors (φ). To calibrate the resistance factors, the statistics of 
the load and resistance components are required. These statistics are represented in terms of 
statistics of the bias of loads and resistances (see Table 12.2 for the statistics of load bias). When 
the design equations for resistances are probabilistic (e.g., methods that are developed for side 
and tip resistances in Chapters 10 and 11), the design models can be directly used to formulate 
the limit state function and the variability is accounted for directly by the statistics of the model 
parameters and model error. A number of methods have been used in the literature to calibrate 
the resistance factors using the reliability theory. These methods are explained in the following 
paragraphs (after Ellingwood and Galambos, 1982; Nowak, 1995; Phoon et al., 2000; Allen, 
2005; Brown et al., 2010): 
 
1. Mean Value First Order Second Moment (MVFOSM) - in this method, the limit state 
function (g = R - Q, where R represents the total resistance and Q represents the total 
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load) is linearized at the mean values of the random variables R and Q. The mean and the 
standard deviation of R and Q are evaluated using the first order term in the Taylor series 
expansion (Brown et al., 2010). 
2. Advanced First Order Second Moment (AFOSM) - in this method, the limit state function 
is evaluated at the design point. The AFOSM involves an iterative procedure where an 
initial reliability index is used and the design point is estimated and is used to calculate a 
new reliability index. These iterations are repeated until the error in calculated value of β 
is small. 
3. Monte Carlo Simulation - in a Monte Carlo simulation, the a number of scenarios are 
simulated and the number of cases where R < Q is determined. This information may be 
used to determine the probability of failure and the reliability index. 
 
12.3 Target Reliability Index (βT) 
Figure 12.1 shows the hypothetical probability distribution functions for resistance (R) 
and load effects (Q). In a limit state context, failure takes place when the load effects (Q) exceed 
the resistance (R) (Allen, 1975; Ellingwood and Galambos, 1982; Nowak, 1995; Becker, 1996; 
Haldar and Mahadevan, 2000; Allen, 2005; Brown et al., 2010). This is shown in Figure 12.1 by 
the hatched zone. The difference between the load effects and the resistance (i.e., g = R - Q) is a 
quantitative measure of margin of safety. The margin of safety can be defined by a probability 
distribution function that is further characterized by its mean and standard deviation. A 
hypothetical probability distribution function is shown in Figure 12.2. The limit state is reached 
when g = 0 (Allen, 1975; Ellingwood and Galambos, 1982; Nowak, 1995; Becker, 1996; Haldar 
and Mahadevan, 2000; Allen, 2005; Brown et al., 2010). Accordingly, the area under this 
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probability distribution function corresponding to g ≤ 0 is the probability of failure (Pf). The 
probability of failure can also be defined in terms of a Safety Index or Reliability Index (β). The 
reliability index is defined as “the distance measured in standard deviations between the mean 
safety margin and the failure limit” (Allen, 1975; Ellingwood and Galambos, 1982; Nowak, 
1995; Harladar and Mahadevan, 2000; Brown et al., 2010). The definition of the reliability index 
is shown schematically in Figure 12.2. The probability of failure and the reliability index are 
related by the following expression (Haldar and Mahadevan, 2000) 
 
pf = Φ(−β) =1−Φ(β)          (12-5) 
 
Where Φ is the cumulative distribution function (CDF) of the normal distribution 
function. The values of Φ may be found in standard textbooks on reliability and probability 
theory (e.g., Haldar and Mahadevan, 2000; Ang and Tang, 2007). The calibration of the LRFD 
resistance factors (φ) using the reliability theory involves the following steps (after Ellingwood 
and Galambos, 1982; Nowak, 1995; Phoon et al., 2000; Allen, 2005; Brown et al., 2010): 
 
1. Compilation of databases for assessment of probability distribution functions for load 
effects and resistances - load effect and resistances are often assumed to be random 
variables and are represented using probability distribution functions. Therefore, 
databases must be compiled for the evaluation of the statistical parameters that are 
needed to characterize the probability distribution of the load effects and resistances. The 
determination of the probability distribution functions for load effects is not the focus of 
this study and other similar studies and data provided in the structural engineering 
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literature is often adopted (e.g., Table 12.3. The statistical parameters required for the 
determination of probability distribution of resistances (i.e., side and tip) are evaluated in 
terms of their bias in Chapter 6. 
2. Evaluate the reliability inherent in the current design practice - the calibrated resistance 
factors must result in the designs that are in compliance with the acceptable level of 
safety in the current design practice. Therefore, it is necessary that the inherent level of 
safety in the current design methods be known before a calibration process is undertaken. 
The acceptable level of risk is reported in terms of the safety index or reliability index 
(β). 
3. Selected an acceptable safety margin - select a reliability index (i.e., an acceptable 
probability of failure) that is consistent with the current design of superstructure and 
foundation. 
4. Calibrate resistance factors - using the selected reliability index (β), the reliability theory, 
selected LRFD load factors and their statistics, dead load to live load ratio and the 
proposed design model for resistance (i.e., side or tip), calibrate the resistance factors. 
These resistance factors, when used in conjunction with the designated load factors and 
resistance design model, will result in a design that has an inherent probability of failure 
that is represented by the adopted β. 
 
One of most important steps in the LRFD resistance factor calibration is the 
determination of reliability indices that are representative of the acceptable level of risk in the 
current and past practices (Allen et al., 2005). The desirable level of safety may also be obtained 
from the inherent safety levels that are implied from past ASD factor of safety (Allen et al., 
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2005). The adopted reliability index is the Target Reliability Index (βT). In the following 
paragraphs, a review of the technical literature is presented to determine the target reliability 
index for calibration of the LRFD resistance factors in this study: 
 
1. ISO (2015) evaluated the reliability indices for different “consequences of failure” and 
“relative cost of safety measure.” The consequences of failure included minor, moderate 
and large and the relative cost of safety measure included large, normal and small. The 
recommended reliability indices ranged from 3.1 (for large cost of safety measure and 
large consequence of failure) to 4.7 (for small cost of safety measure and large 
consequence of failure). Therefore, the consequence of failure is important in 
determination of the target reliability index (Allen et al., 2005). 
2. The resistance factors recommended by Brown et al. (2010) (i.e., FHWA-NHI-10-016) 
for design of drilled shafts in rocks correspond to a reliability index of 3.0. 
3. Redundancy and possibility of load redistribution (i.e., load sharing among foundation 
components) in the event of failure of one of the load bearing components in a system is 
an important criterion in determination of the target reliability index (βT) (Allen et al., 
2005). Liu et al. (2001) defined a redundant foundation system as one in which reliability 
index for the overall system is 0.5 higher than the reliability of the individual foundation 
members within the group. Barker et al. (1991) determined that reliability index for 
drilled shafts ranges from 2.0 to 3.7 (from MVFOSM analysis) and 2.0 to 4.3 (from more 
advanced analysis). Barker et al. determined that the reliability index is 3.5 for non-
redundant systems, 2.5 to 3.0 for drilled shafts and 2.0 to 2.5 for highly redundant 
systems. Barker et al. (1991) relied heavily on the implied level of safety by previous 
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design practice to provide their recommendations for resistance factors. Allen et al. 
(2005) proposed that the ability of the soil to redistribute the load allows for the 
foundation system to be designed for a lower reliability index compared to the 
superstructure. The only exception to this rule is the case of a single drilled shaft that 
supports the entire bridge pier where a βT of 3.5 is desirable (Allen et al., 2005). 
4. Paikowsky et al. (2004) recommended a target reliability index of 3.0 when drilled shaft 
group contains less than 5 drilled shafts and recommended a reliability index of 2.3 for 
the cases where the number of shafts in a shaft group exceeds 5 drilled shafts. Therefore, 
the reliability index for which individual drilled shafts are designed is heavily affected by 
the redundancy of the drilled shaft foundation system. This conclusion is in agreement 
with the work of other researchers (e.g., Liu et al., 2001; Allen et al., 2005). 
5. Briaud et al. (2013) used a reliability index of 3.5 for the calibration of resistance factors 
for assessment of scour of bridge foundations. 
6. Phoon et al. (1995, 2000) recommended a target reliability index of 3.2 for assessment of 
strength limit state in drilled shafts. Phoon et al. (2000) reported that the actual annual 
probabilities of failure for foundations is between 0.1% to 1% (after Baecher, 1987). 
These values of probability of failure may be used to back-calculate reliability indices of 
2.5 to 3.0 for these foundations using the method of Rosenblueth and Esteva (1972) (i.e., 
pf = 460× e
−4.3β( ) ). 
7. Phoon and Kulhawy (2005) determined the reliability of drilled shafts in different soils 
and rocks and stated that the reliability index varied from 2.6 to 3.4 for all drilled shafts 
in their database that were subjected to undrained compression loading. 
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8. Kulhawy and Phoon (2006) adopt the recommendations of the Canadian Building Code 
and the AASHTO bridge specifications. The Canadian Building Code recommends a 
reliability index of 3.5 for the superstructure and the foundation and the AASHTO 
specifications recommends target reliability index of 3.5 for the superstructure and a 
target reliability index of 2.0 to 3.5 for the foundation. 
9. Nowak (1995) used a target reliability index of 3.5 for the superstructure. Allen et al. 
(2005) cited a target reliability index of 3.5 for the superstructure and a target reliability 
index of 3.0 for the foundation design from past practice although Allen et al. (2005) 
indicates that it is desirable to “maintain a consistent level of safety across all limit states 
of a given type (e.g., strength limit state).” 
10. Ellingwood and Galambos (1982) recommended reliability indices of 2.5 to 4.0 for 
structural steel elements and 2.3 to 3.6 for reinforced concrete elements in the building 
structures. The reliability indices for foundations should be selected so as to maintain a 
degree of consistency between level of safety of the foundation and the superstructure. 
11. The typical range of reliability indices for the different load combinations is reported by 
Allen (1975). According to Allen (1975), the reliability index often ranges from 3.0 to 
4.0. 
 
Based on the above discussions, the LRFD resistance factors will be calibrated for a 
range of reliability indices, namely βΤ = 2.0, 2.5 and 3 and for a range of bridge span lengths. 
The designer may select the appropriate LRFD resistance factor based on the redundancy of 
drilled shaft groups and the length of bridge span. 
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12.4 Statistical Data for Calibration of LRFD φ  and Removal of “Outliers” 
The statistics of the resistances (i.e., design equations) and those of the load effects are 
required in the calibration process for determination of the LRFD resistance factors. The 
statistics of the resistance (i.e., mean, standard deviation and c.o.v. of the side and tip resistances) 
and their corresponding probability distribution functions are determined in Chapter 6. The 
statistics of the load effects are obtained directly from the structural engineering literature and 
are reported in Table 12.3. 
Definition and further removal of the outliers in load test databases is important in the 
determination of the statistics describing resistances and load effects. For example, Allen (2005) 
describes an approach used by Paikowsky et al. (2004) that is as follows: “data that were more 
than two standard deviations from the mean value for the subset were in general removed to 
assess the statistical parameters (i.e., bias, c.o.v. and distribution type).” Allen et al. (2005) 
outlines a number of reasons to consider a data point an outlier as follows: 
 
1. A different measurement technique is used compared to the rest of the data points in a 
dataset. 
2. Data point is obtained from a source that may be suspect. 
3. Data point is affected by regional factors (e.g., soil or rock geology). 
4. Failure data points correspond to a different failure mechanism compared to the rest of 
the data points. 
 
Therefore, removal of data points from a given database should not be solely based on 
statistical tests such as that used by Paikowsky et al. (2004). Rather, the removal of a data point 
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should be based on firm physical reasoning that is causing a particular test to behave differently 
from the rest of the test results in a given database. Approaches such as that used by Paikowsky 
et al. (2004) will artificially decrease the c.o.v. of the design equations that are being evaluated 
and will result in LRFD resistance factors that may not truly represent the actual level of 
uncertainty that is inherent in a given design equation. In the development of the statistics (see 
Chapter 6) necessary for calibration of the LRFD resistance factors for the existing and proposed 
design equations for assessment of the strength limit state, data points are not removed from the 
side- and tip-resistance databases reported in Appendices A and B unless the discrepancy in the 
behavior was explainable by a firm physical or mechanical reasoning related to the soft rock 
and/or drilled shaft behavior. 
 
12.5 Calibration of Resistance Factors for Existing Design Models 
The side- and tip-resistance design equations for drilled shafts in soft rock are evaluated 
i) using the side- and tip-resistance databases that are compiled in this report (see Appendices A 
and B) and ii) using the independent databases that were compiled and published by other 
researchers. The analysis results for evaluation of the design equations are summarized in terms 
of statistics of the ratios of measured to predicted side and tip resistances in Chapter 6. These 
statistics represent the bias (λ) of each design equation and are used along with the First-Order 
Reliability Methods (FORM) (the First-Order Second-Moment, FOSM and Advanced First-
Order Second-Moment, AFOSM where the Hasofer-Lind method is used) to calibrate the 
resistance factors for design equations that are discussed in Chapter 2. The approach for 
reliability analysis is discussed in Chapter 8 of this thesis. 
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12.5.1 Calibration process using AFOSM (FORM) and H-L algorithm 
The general LRFD formulation for assessment of the strength limit state is shown in 
Equation 12-3. To use this framework, we need to calibrate the resistance factors such that the 
design is consistent with an acceptable level of risk in the current practice. We start by defining 
the limit state (i.e., performance) function that is required for FORM analysis. The limit state 
function may be expressed in equation form as follows 
 
g = λR ×R − λDL ×DL − λLL × LL         (12-6) 
 
where g is the limit state function, λR is bias inherent in the predictive models (see Chapter 6 for 
the summary of data) for side or tip resistances, R is the side or tip resistance, λDL is the bias for 
dead load, λLL is the bias for live load, DL is the dead load and LL is the live load. 
Following the recommendations of Paikowsky et al. (2004), Paikowsky et al. (2010) and 
Briaud et al. (2013), an HS-20 truck is used to represent the live loads for typical bridge piers. 
Therefore, LL = 445 kN. The ratio of dead load to live load (DL/LL) is set equal to 2 following 
the recommendations of Paikowsky et al. (2004) and Paikowsky et al. (2010) who showed that 
the resulting resistance factors are not significantly affected by DL/LL ratio because the c.o.v. of 
resistances is significantly larger than the c.o.v. of the load effects and thus the calibration results 
are heavily affected by the properties of resistance components and not load effects. The 
statistics for the resistance bias factor are reported in Chapter 6. Chapter 6 also includes the 
evaluation of the normal and logarithmic normal (lognormal) distribution function for 
representation of the variation of the bias for each capacity predictive equation. This evaluation 
shows that the lognormal probability distribution function can be used to properly represent the 
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variability in the bias for each resistance model that is in agreement with the published literature 
(e.g., Allen, 2005; Naghibi and Fenton, 2017). The statistics for the bias of the dead and live 
loads are reported in Table 12.3. It should be noted that the statistics in Table 12.3 are chosen 
from the structural engineering literature following the recommendations of Paikowsky et al. 
(2004), Kulhawy et al. (2007) and Paikowsky et al. (2010) to be consistent with the LRFD 
resistance factors that are used in the design of superstructure. Equation 12-6 is now used in a 
FORM analysis that is performed using FERUM (from the University of California, Berkeley) to 
iterate about R until the calculated reliability index (β) approaches the reliability index that is 
consistent with the acceptable level of risk or probability of failure that is commonly used for 
design of structures. This reliability index is called the Target Reliability Index (βT). Phoon et al. 
(2003) indicated that an acceptable design corresponds to a target reliability index (βT) that falls 
within 2.3 to 3.4. AASHTO (2012) uses a target reliability index of 3.5 for Strength I limits state. 
Therefore, the values of resistance R are calculated for range of reliability indices that are 2.0, 
2.5 and 3.0. Once R is calculated, the following LRFD expression may be used to calculate the 
corresponding resistance factors that account for the variability in the resistances 
 
φ ×R = γ LL × LL + γ DL ×DL          (12-7) 
 
Rearranging the terms in Equation 12-7 and assuming that DL/LL = 2.0, the following 
expression may be found for the resistance factor (φ) 
 
φ =
γ LL × LL + 2.0× γ DL × LL
R
        (12-8) 
1018
 
Equation 12-8 is used to determine the values of resistance factor (φ) for the side and tip 
resistance models that were evaluated in Chapter 6. The results will be discussed in the 
subsequent sections. 
 
12.5.2 Calibration using FOSM closed form solutions 
The FOSM method was used by Barker et al. (1991) to develop a closed form solution 
for calibration of resistance factors (φ) for use in an LRFD framework. The form of the 
resistance factor equation (based on Barker et al., 1991 original derivation) which was adopted 
by McVay et al. (2000) and Paikowsky et al. (2010) is as follows 
 
φ =





















× exp βT ln (1+ δR
2 )(1+ δ2DL + δ
2
LL )⎡⎣ ⎤⎦( )
     (12-9) 
 
where φ is the calibrated LRFD resistance factor, δDL is the c.o.v. for the dead loads, δLL is the 
c.o.v. for the live loads and δR is the c.o.v. for the resistance. Equation 12-9 is used to calibrate 
the resistance factors for each predictive model. The results are compared with resistance factors 
obtained from AFOSM. It will be noted in the subsequent analysis presented in this chapter that 
Equation 12-9 slightly underestimates the calibrated resistance factors when compared to those 
obtained from a more sophisticated method such as AFOSM (FORM). Long and Anderson 
(2014) used Equation 12-9 to calibrate LRFD resistance factors for driven piles in different soil 
types in Illinois and concluded that Equation 12-9 underestimates the resistance factor that is in 
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agreement with the results that are obtained herein. Further analysis by Bloomquist et al. (2007) 
and Long and Anderson (2014) showed that Equation 12-9 uses an “incomplete” definition of the 




2            (12-10) 
 
where δ2 is the covariance of the total load. A more accurate estimate of the covariance of the 
overall load accounts for the c.o.v. of dead and live load but also accounts for the c.o.v. of the 
dead to live load ratio (Bloomquist et al., 2007; Long and Anderson, 2014). As a result, a more 
accurate estimate of the c.o.v. of the overall load may be obtained as follows (Bloomquist et al., 





























× λDL × λLL + δLL
2
      (12-11) 
 
Equation 12-11 may be substituted in Equation 12-9 to obtain a more accurate definition 
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In this study, however, the recommended LRFD resistance factors for the existing design 
equations and those that will be recommended for the design equations proposed in Chapters 10 
and 11 are calibrated using AFOSM approach and remain unaffected by the limitations of 
Equation 12-9. 
 
12.5.3 Calibration results 
The calibration results are shown in Tables 12.4 to 12.7. The calculated LRFD resistance 
factors for reliability indices of 2, 2.5 and 3 are reported. The review of these tables indicates that 
the LRFD resistance factor is not a unique value for each design equation and it varies with 
different factors. The following may be learned from the calibration of the existing models 
 
1. LRFD resistance factors increase with a decrease in reliability index as expected. 
2. Different databases result in significantly different resistance factors for each predictive 
model. Therefore, the resistance factors are not unique. 
3. Small databases where the variability in the test results is small result in larger values of 
LRFD resistance factors. A small database does not include a representative degree of 
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variability in the soft rock properties, drilled shaft axial behavior and construction 
methods that may be encountered in real design projects. Therefore, resistance factors 
based on such databases may be unconservative and should be used with caution. 
4. Different degrees of weathering in rock mass result in different values of resistance 
factors. This indicates that the design models’ performance and predictive capacity will 
change as the variably in soft rock changes from very weathered to less weathered rock 
masses. Therefore, a unique value of resistance factor cannot be used for wide range of 
rock weathering conditions. 
5. The design equations that are very conservative also lead to calibrated resistance factors 
that are relatively large. This fact has been noted by McVay et al. (2000) who pointed out 
that “generally, it is believed that the higher the resistance factor, φ, the better the 
predictive method. However, this is not always the case, since a given method may be 
very conservative and to develop the same probability of failure (pf) the resistance factor 
is increased accordingly.” 
6. The resistance factor may also be a function of other drilled shaft or rock properties and 
thus assigning a single value of φ to all likely design scenarios may be over-simplistic. 
This conclusion is in agreement with the findings of Kulhawy et al. (2007). 
 
12.6 Calibration of Resistance Factors for Proposed Design Equations 
A Load and Resistance Factor Design (LRFD) approach is adopted in Chapters 10 and 11 
for the assessment of the strength limit state for the side and tip resistances of drilled shafts in 
soft rock. The use of a LRFD approach requires resistance and load factors for evaluation of 
Equation 12-3. The load factors are not calibrated in this study and are taken as reported in 
1022
structural engineering literature (e.g., ASCE/SEI 7-10; Barker and Puckett, 2013) for the purpose 
of consistency and are reproduced in Table 12.1. 
In this section, we will calibrate the LRFD resistance factors for design equations for side 
and tip resistances (fsp and qf equations, respectively) that are developed in Chapters 10 and 11. 
The statistics of the bias (λ) for the fsp equation are µλ = 1.34, σλ = 1.05 and δλ = 0.78 and the 
statistics for the qf are µλ = 1.16, σλ = 0.63 and δλ = 0.54. The statistics for some of materials 
used in the superstructure of bridges are shown in Table 12.8 for the purpose of comparison. It 
can be seen that the uncertainty in the evaluation of the geotechnical resistances is significantly 
greater than those of the structural components. Resistance factors are calibrated using three 
different approaches, namely i) the simplified FOSM equation (Equation 12-9), FOSM equation 
(Equation 12-12) and iii) AFOSM (FORM) iterative approach. The calibration of the LRFD 
resistance factors also requires an estimate of the dead to live load ratio. A dead to live load 
ration (DL/LL) of 2.0 was used in the calibration of the existing methods. However, the actual 
value of the DL/LL ratio is a function of the bridge span length. For example, McVay et al. 
(2000) provided a relationship between the span length and DL/LL ratio: DL/LL = 0.52, 1.06, 
1.58, 2.12, 2.64, 3.00 and 3.53 for span lengths of 9, 18, 27, 36, 45, 50 and 60 meters, 
respectively. The resistance factors for the side and tip resistance equations (fsp and qf equations, 
respectively) in Chapters 10 and 11 are calibrated for the above mentioned DL/LL ratios to 
account for the effect of the span length on the calibrated LRFD resistance factors. The analysis 
results are presented in Tables 12.9 and 12.10 and are shown in Figures 12.3 and 12.4. The 
calibrated LRFD resistance factors for fsp and qf equations are discussed below 
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1. The resistance factor obtained from Equation 12-9 are significantly smaller than those 
obtained from AFOSM and Equation 12-12. 
2. AFOSM (FORM) provides the most accurate and least conservative estimate of the 
LRFD resistance factors. 
3. Resistance factors for a given target reliability index (βT) vary with the bridge span 
length or equivalently the ratio of dead to live loads. The resistance factors decrease 
slightly with increase in the bridge span length. The reduction in the resistance factor 
with DL/LL ratio is, however, small because “the resistance statistics tend to overwhelm 
the calibration, because the coefficient of variation (c.o.v.) for the resistance is so much 
larger than the c.o.v. for the loads” (Allen, 2005). 
4. The resistance factors for side resistance are smaller than those calibrated for tip 
resistance. This indicates that uncertainty in the prediction of side resistance is greater 
than tip resistance. 
5. The resistance factors summarized in Tables 12.9 and 12.10 and Figures 12.3 and 12.4 
may be used in design of drilled shafts in soft rock when design equations for qf and fsp 
from Chapter 10 and 11 are used. 
 
12.7 Equivalent ASD Safety Factors 
The calibrated LRFD resistance factors for peak shear strength of rock sockets’ side (fsp) 
and for fracture initiation pressure (qf) of rock sockets’ tip may be converted to the equivalent 
factors of safety that are used in the traditional Allowable Stress Design (ASD) approach. The 















          (12-13) 
 
where FS is the ASD factor of safety. Equation 12-13 is evaluated for the ratios of dead load to 
live load that is discussed in the previous section. The back-calculated factors of safety are 
summarized in Tables 12.11 and 12.12. The following observations may be made in relation to 
factors of safety for drilled shafts in soft rock 
 
1. The factors of safety are different for different target reliability indices. The factor of 
safety also varies with the uncertainty of the design equations. Therefore, the application 
of the same factor of safety to different design equations, as is done very commonly in 
the traditional ASD approach in the foundation engineering practice, is not recommend. 
2. A target reliability index of 3.0 leads to factors of safety of in excess of 8 that is almost 
2.5 times larger than the traditional safety factor of 3.0 that is commonly used by 
foundation engineers. 
3. Safety factors for tip resistance and side resistance are not equal. In the traditional ASD 
method, a similar factor of safety is applied to side and tip resistances. 
4. Safety factors for side resistance are greater than those for tip resistance indicating that 
uncertainty in side resistance is larger than tip resistance. 
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12.8 Concluding Remarks 
The design of drilled shaft foundations has been traditionally performed using the 
Allowable Stress Design (ASD) framework. The design of the superstructure, however, is 
performed using the Load and Resistance Factor Design (LRFD) approach. The design of 
foundation and superstructure using two methods leads to inconsistencies in the implied levels of 
safety. As a result, the foundation engineering community is adopting the LRFD approach (e.g., 
Brown et al., 2010) for the design of drilled shaft foundations. Therefore, load and resistance 
factors are required for the assessment of the probability of failure and for evaluation of each 
limit state (i.e., mode of failure). Design equations are proposed in the previous chapters of this 
thesis for assessment of different limit states in a drilled shaft that is socketed in soft rock mass. 
This chapter proposes the corresponding LRFD resistance factors for side and tip resistances. 
The following should be noted with regards to the calibrated LRFD resistance factors: 
 
1. Resistance factors are calibrated separately for side and tip resistance models. 
2. The resistance factors are calibrated using three different approaches, namely i) 
simplified FOSM method (Equation 12-9), ii) FOSM method (Equation 12-12) and iii) 
AFOSM (FORM) method. 
3. Equations 12-9 and 12-12 underestimate the resistance factors compared to the AFOSM 
approach. The resistance factors obtained from AFOSM are recommended for design. 
4. The resistance factors for side and tip resistance equations are different suggesting that 
the uncertainty in the side and tip resistance design equations is not the same. 
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5. The resistance factor for the same reliability index slightly decreases as the span length 
for the bridge structure increases. The reduction in the resistance factor, however, is not 
significant. 
6. The equivalent ASD factors of safety obtained from the calibrated LRFD resistance 
factors using AFOSM for a reliability index of 3.0 are about 1.5 to 2.5 times larger than 
the safety factors that are commonly used in foundation engineering practice. 






Table 12.1a AASHTO (2007) limit states for bridge design (table after AASHTO, 2007; 
Brown et al., 2010) 
 
Limit state type Case Load combination 
Strength 
 
i Normal vehicular use of bridge without wind 
ii Use of the bridge by owner-specified special vehicles, evaluation 
permit vehicles or both without wind 
iii Bridge exposed to wind velocity exceeding 55 mph 
iv Very high dead load to live load force effect ratios 
v Normal vehicular use of the bridge with wind of 55 mph 
Extreme event i Load combination including earthquake 
ii Ice load, collision by vessels and vehicles and certain hydraulic 
events with a reduced live load other than that which is part of the 
vehicular collision load 
Service i Normal operational use of the bridge with a 55 mph wind and all 
loads taken at their nominal values 
ii Intended to control yielding of steel structures and slip of slip-
critical connections due to vehicular live load 
iii Longitudinal analysis relating to tension in prestressed 
superstructures with the objective of crack control and to 
principal tension in the webs of segmental concrete girders 
iv Tension in prestressed concrete columns with the objective of 
crack control 
Fatigue  Repetitive gravitational vehicular live load and dynamic 
responses under the effects of a single design truck  
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Table 12.1b Load combination and load factors (table after AASHTO, 2007; Brown et al., 2010) 
Load combination limit state PL LL WA WS WL FR TCS TG SE Use one at a time 
EQ IC CT CV 
Strength i γp 1.75 1.00   1.00 0.50/1.20 γTG γSE     
Strength ii γp 1.35 1.00   1.00 0.50/1.20 γTG γSE     
Strength iii γp  1.00 1.40  1.00 0.50/1.20 γTG γSE     
Strength iv γp  1.00   1.00 0.50/1.20       
Strength v γp 1.35 1.00 0.40 1.00 1.00 0.50/1.20 γTG γSE     
Extreme i γp γEQ 1.00   1.00    1.00    
Extreme ii γp 0.50 1.00   1.00     1.00 1.00 1.00 
Service i 1.00 1.00 1.00 0.30 1.00 1.00 1.00/1.20 γTG γSE     
Service ii 1.00 1.30 1.00   1.00 1.00/1.20       
Service iii 1.00 0.80 1.00   1.00 1.00/1.20 γTG γSE     
Service iv 1.00  1.00 0.70  1.00 1.00/1.20  1.00     
Fatigue  0.75            
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Table 12.1b Cont. Load combination and load factors (table after AASHTO, 2007; Brown et 
al., 2010) 
 
PL  Permanent load 
LL  Live load 
WA  Water load and stream pressure 
WS  Wind load on the structure 
WL  Wind on live load 
FR  Friction 
TG  Temperature gradient 
SE  Settlement 
TCS  Uniform temperature creep and shrinkage 
EQ   Earthquake 
IC  Ice load 
CT  Vehicular collision force 





Table 12.1c Load factors for permanent loads (table after AASHTO, 2007; Brown et 
al., 2010) 
 
Type of load Load factor, γp 
Maximum Minimum 
DC = components and attachments 1.25 0.90 
DC = Strength iv only 1.50 0.90 
DD = downdrag 1.25 0.35 
DW = wearing surface and utilities 1.50 0.65 
EH = horizontal earth pressure, active 1.50 0.90 
EH = horizontal earth pressure, At-rest 1.35 0.90 
EL = Locked-in stresses 1.00 1.00 
EV = Vertical earth pressure, overall stability 1.00 N/A 
EV = Vertical earth pressure, retaining walls 
and abutments 
1.35 1.00 
EV = Vertical earth pressure, rigid buried 
structure 
1.30 0.90 
EV = Vertical earth pressure, rigid frames 1.35 0.90 
EV = Vertical earth pressure, flexible buried 
structures other than metal box culverts 
1.95 0.90 
EV = Vertical earth pressure, flexible box 
culverts 
1.50 0.90 





Table 12.2 Variation of reliability index (β) and probability of failure (Pf) (table after Nowak, 
1995; Phoon et al., 2000; Kulhawy and Phoon, 2006; Brown et al., 2010) 
 



















Table 12.3 Load factors and statistical information for modeling uncertainty in live and dead 
loads (values after Nowak, 1999; Paikowsky, 2010; Barker and Puckett, 2013) 
 
Load types Load factor (γ) Bias (λ) c.o.v. (δ) 
Live load (LL) γLL = 1.75 λLL = 1.15 δLL = 0.2 
Dead load (DL) γDL = 1.25 λDL = 1.05 δDL = 0.1 
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Table 12.4 Resistance factors for side resistance using FOSM and AFOSM (FORM) using the side resistance database of Chapter 




Number of case 
records µλ σλ δλ
Rosenberg and Journeaux (1976) 70 < GSI <50 17 1.12 0.78 0.69
50 < GSI < 35 103 2.41 1.94 0.81
GSI < 35 159 0.77 0.63 0.82
ALL 279 1.4 1.5 1.07
Horvath and Kenney (1979) 70 < GSI <50 17 1.71 1.19 0.7
50 < GSI < 35 103 3.6 2.91 0.81
GSI < 35 159 1.11 0.91 0.82
ALL 279 2.07 2.25 1.09
Pells et al. (1979) 70 < GSI <50 17 0.62 0.42 0.68
50 < GSI < 35 103 2.08 1.54 0.74
GSI < 35 159 1.89 1.55 0.82
ALL 279 1.88 1.54 0.82
Williams (1980) 70 < GSI <50 17 1.39 0.99 0.71
50 < GSI < 35 103 2.57 2.12 0.83
GSI < 35 159 0.61 0.52 0.85
ALL 279 1.38 1.65 1.2
Kaderabek and Reynolds (1981) 70 < GSI <50 17 0.41 0.28 0.68
50 < GSI < 35 103 1.38 1.03 0.74
GSI < 35 159 1.26 1.03 0.82
ALL 279 1.25 1.02 0.82
Rowe and Armitage (1984) 70 < GSI <50 17 0.95 0.66 0.7
50 < GSI < 35 103 2 1.62 0.81
GSI < 35 159 0.62 0.51 0.82
ALL 279 1.15 1.25 1.09
Carter and Kulhawy (1988) 70 < GSI <50 17 2.14 1.49 0.7
50 < GSI < 35 103 4.5 3.64 0.81
GSI < 35 159 1.39 1.14 0.82
ALL 279 2.58 2.81 1.09




























































































Table 12.4 Cont. Resistance factors for side resistance using FOSM and AFOSM (FORM) using the side resistance database of 




Number of case 
records µλ σλ δλ
Hassan (1994) rough 70 < GSI <50 17 0.25 0.17 0.68
50 < GSI < 35 103 0.83 0.62 0.74
GSI < 35 159 0.75 0.62 0.82
ALL 279 0.75 0.61 0.82
Hassan (1994) smooth 70 < GSI <50 17 6.47 6.26 0.97
50 < GSI < 35 85 9.47 9.43 1
GSI < 35 158 3.35 3.59 1.07
ALL 260 5.55 6.87 1.24
Seidel and Collingwood (2001) 70 < GSI <50 17 0.64 0.58 0.9
50 < GSI < 35 103 1.65 1.14 0.69
GSI < 35 159 1.25 1.11 0.89
ALL 279 1.36 1.13 0.83
Miller (2003) 70 < GSI <50 17 1.07 0.74 0.7
50 < GSI < 35 103 2.25 1.82 0.81
GSI < 35 159 0.69 0.57 0.82
ALL 279 1.29 1.41 1.09
Kulhawy et al. (2005) 70 < GSI <50 17 1.35 0.94 0.7
50 < GSI < 35 103 2.84 2.3 0.81
GSI < 35 159 0.87 0.72 0.82
ALL 279 1.63 1.78 1.09
Stark et al. (2013) 70 < GSI <50 17 0.41 0.28 0.68
50 < GSI < 35 103 1.38 1.03 0.74
GSI < 35 159 1.26 1.03 0.82
ALL 279 1.25 1.02 0.82
















































































Table 12.5 Resistance factors for tip resistance using FOSM and AFOSM (FORM) using the tip resistance database of Chapter 3 




Number of case 
records µλ σλ δλ
Teng (1962) 100 < GSI <50 8 18.25 7.06 0.39
50 < GSI <35 45 20.68 20.29 0.98
GSI <35 117 93.27 194.18 2.08
ALL 170 70.53 164.74 2.34
Coates (1967) 100 < GSI <50 8 1.22 0.47 0.39
50 < GSI <35 45 1.38 1.35 0.98
GSI <35 117 6.22 12.95 2.08
ALL 170 4.7 10.98 2.34
Rowe and Armitage (1987) 100 < GSI <50 8 1.46 0.56 0.39
50 < GSI <35 45 1.65 1.62 0.98
GSI <35 117 7.46 15.53 2.08
ALL 170 5.64 13.18 2.34
Carter and Kulhawy (1988) 100 < GSI <50 8 17.39 6.72 0.39
50 < GSI <35 45 19.69 19.32 0.98
GSI <35 117 88.83 184.94 2.08
ALL 170 67.17 156.9 2.34
ARGEMA (1992) 100 < GSI <50 8 0.81 0.31 0.39
50 < GSI <35 45 0.92 0.9 0.98
GSI <35 117 4.15 8.63 2.08
ALL 170 3.13 7.32 2.34
Zhang and Einstein (1998) 100 < GSI <50 8 0.76 0.29 0.39
50 < GSI <35 45 0.86 0.85 0.98
GSI <35 117 3.89 8.09 2.08
ALL 170 2.94 6.86 2.34



















































































Table 12.5 Cont. Resistance factors for tip resistance using FOSM and AFOSM (FORM) using the tip resistance database of 




Number of case 
records µλ σλ δλ
CFEM (2006) 100 < GSI <50 8 11.89 4.53 0.38
50 < GSI <35 45 13.33 12.98 0.97
GSI <35 117 61.45 129.47 2.11
ALL 170 46.38 109.8 2.37
RF (1995) I 100 < GSI <50 8 17.84 8.67 0.49
50 < GSI <35 45 35.65 36.06 1.01
GSI <35 100 262.43 771.14 2.94
ALL 153 182.94 632.22 3.46
RF (1995) II 100 < GSI <50 10 1.37 1.28 0.94
50 < GSI <35 45 65.96 220.48 3.34
GSI <35 96 91.21 229.3 2.51
ALL 151 77.74 219.33 2.82
RF (1995) III 100 < GSI <50 8 40.45 19.53 0.48
50 < GSI <35 45 74.3 74.37 1
GSI <35 95 239.74 332.6 1.39
ALL 148 178.66 281.42 1.58
























































Table 12.6 Resistance factors for side resistance using FOSM and AFOSM (FORM) using external databases (see Chapter 6) (all 
values based load test data obtained from literature) 
 
  
Method Database µλ σλ δλ
Rosenberg and Journeaux (1976) Horvath and Kenney (1979) 0.83 0.45 0.55
Rowe and Armitage (1984) 1.15 0.58 0.5
Stark et al. (2013) 1.08 0.44 0.41
Horvath and Kenney (1979) Horvath and Kenney (1979) 1.24 0.68 0.55
Rowe and Armitage (1984) 1.73 0.87 0.5
Stark et al. (2013) 1.57 0.65 0.41
Pells et al. (1979) Horvath and Kenney (1979) 0.89 0.72 0.8
Rowe and Armitage (1984) 1.07 0.95 0.89
Stark et al. (2013) 1.78 0.88 0.5
Williams (1980) Horvath and Kenney (1979) 0.89 0.54 0.6
Rowe and Armitage (1984) 1.3 0.71 0.54
Stark et al. (2013) 0.96 0.42 0.44
Kaderabek and Reynolds (1981) Horvath and Kenney (1979) 0.59 0.48 0.8
Rowe and Armitage (1984) 0.71 0.63 0.89
Stark et al. (2013) 1.18 0.59 0.5
Rowe and Armitage (1984) Horvath and Kenney (1979) 0.69 0.38 0.55
Rowe and Armitage (1984) 0.96 0.48 0.5
Stark et al. (2013) 0.87 0.36 0.41
Carter and Kulhawy (1988) Horvath and Kenney (1979) 1.54 0.85 0.55
Rowe and Armitage (1984) 2.16 1.09 0.5
Stark et al. (2013) 1.96 0.81 0.41







































































Table 12.6 Cont. Resistance factors for side resistance using FOSM and AFOSM (FORM) using external databases (see Chapter 
6) (all values based load test data obtained from literature) 
 
  
Method Database µλ σλ δλ
Hassan (1994) rough Horvath and Kenney (1979) 0.36 0.29 0.8
Rowe and Armitage (1984) 0.43 0.38 0.89
Stark et al. (2013) 0.71 0.35 0.5
Hassan (1994) smooth Horvath and Kenney (1979)
Rowe and Armitage (1984)
Stark et al. (2013)
Seidel and Collingwood (2001) Horvath and Kenney (1979)
Rowe and Armitage (1984)
Stark et al. (2013)
Miller (2003) Horvath and Kenney (1979) 0.77 0.43 0.55
Rowe and Armitage (1984) 1.08 0.54 0.5
Stark et al. (2013) 0.98 0.4 0.41
Kulhawy et al. (2005) Horvath and Kenney (1979) 0.97 0.54 0.55
Rowe and Armitage (1984) 1.08 0.54 0.5
Stark et al. (2013) 1.24 0.51 0.41
Stark et al. (2013) Horvath and Kenney (1979) 0.59 0.48 0.8
Rowe and Armitage (1984) 0.71 0.63 0.89
Stark et al. (2013) 1.18 0.59 0.5












































Table 12.7 Resistance factors for tip resistance using FOSM and AFOSM (FORM) using external databases (see Chapter 6) (all 




Method Database µλ σλ δλ
Teng (1962) Paikowsky et al. (2010) 24.64 24.98 1.01
Stark et al. (2013) 20.32 10.97 0.54
Zhang and Einstein (1998) 17.79 10.86 0.61
Coates (1967) Paikowsky et al. (2010) 1.64 1.67 1.01
Stark et al. (2013) 1.35 0.73 0.54
Zhang and Einstein (1998) 1.19 0.72 0.61
Rowe and Armitage (1987) Paikowsky et al. (2010) 1.97 2 1.01
Stark et al. (2013) 1.63 0.88 0.54
Zhang and Einstein (1998) 1.42 0.87 0.61
Carter and Kulhawy (1988) Paikowsky et al. (2010) 23.46 23.79 1.01
Stark et al. (2013) 19.35 10.45 0.54
Zhang and Einstein (1998) 16.94 10.34 0.61
ARGEMA (1992) Paikowsky et al. (2010) 1.09 1.11 1.01
Stark et al. (2013) 0.9 0.49 0.54
Zhang and Einstein (1998) 0.79 0.48 0.61





















































Table 12.7 Cont. Resistance factors for tip resistance using FOSM and AFOSM (FORM) using external databases (see Chapter 




Method Database µλ σλ δλ
Zhang and Einstein (1998) Paikowsky et al. (2010) 1.64 2.82 1.72
Stark et al. (2013) 1.01 0.44 0.44
Zhang and Einstein (1998) 1.06 0.34 0.32
CFEM (2006) Paikowsky et al. (2010) 7.51 6.92 0.92
Stark et al. (2013)
Zhang and Einstein (1998)
RF (1995) I Paikowsky et al. (2010) 13.61 13.8 1.01
Stark et al. (2013)
Zhang and Einstein (1998)
RF (1995) II Paikowsky et al. (2010) 1923 9329 4.85
Stark et al. (2013)
Zhang and Einstein (1998)
RF (1995) III Paikowsky et al. (2010) 31.02 31.26 1.01
Stark et al. (2013)
Zhang and Einstein (1998)






























Table 12.8 Typical statistics for structural components (all values reproduced from Barker and Puckett, 2013) 
Limit state Bias (λ) c.o.v. (δ) 
Light gage steel   
   Tension and flexure 1.2 0.14 
Hot-rolled steel   
   Tension and flexure 1.1 0.13 
   Compression 1.2 0.15 
Reinforced concrete   
   Flexure 1.14 0.15 
   Compression 1.14 0.16 
   Shear 1.1 0.21 
Wood   
   Tension and flexure 1.31 0.16 
   Compression parallel to grain 1.36 0.18 
   Compression perpendicular to grain 1.71 0.28 
   Shear 1.26 0.14 








Table 12.9 Resistance factors for side resistance using FOSM and AFOSM (FORM) for fsp in Chapter 11 (all values based load 

















































Table 12.10 Resistance factors for tip resistance using FOSM and AFOSM (FORM) for qf in Chapter 10 (all values based load test 


















































Table 12.11 Equivalent safety factors for side resistance using AFOSM (FORM) for fsp in Chapter 11 (all values based load test 

















































Table 12.12 Equivalent safety factors for tip resistance using AFOSM (FORM) for qf in Chapter 10 (all values based load test data 




















































Figure 12.1 Distributions of load effect (Q) and resistance (R) (after Nowak, 1995; Becker, 








Figure 12.2 Definition of reliability index (after Allen, 1975; Ellingwood and Galambos, 





Figure 12.3 Resistance factors for tip resistance design equation (qf) (all values based load test 





Figure 12.4 Resistance factors for side resistance design equation (fsp) (all values based load 




Allen, D. E. (1975), 'Limit States Design—A Probabilistic Study', Canadian Journal of Civil 
Engineering, 2 (1), 36-49. 
Allen, T.M. (2005), 'Development of geotechnical resistance factors and downdrag load factors 
for LRFD foundation strength limit state design', (Washington, D.C.: Federal Highway 
Administration). 
Allen, T.M., Nowak, A.S., and Bathurst, R.J. (2005), 'Calibration to determine load and 
resistance factors for geotechnical and structural design', (Washington, D.C.: 
Transportation Research Board), 83. 
Ang, A.H-S. and Tang, W.H. (2007), Probability concepts in engineering: emphasis on 
applications in civil and environmental engineering (Second edn.) 406. 
ASCE 7-10 (2010), 'Minimum design loads for buildings and other structures', (American Sociey 
of Civil Engineers), 650. 
ASTM (2015), 'Standard Practice for Preparing Precision and Bias Statements for Test Methods 
for Construction Materials', (ASTM International). 
Barker, R.M., et al. (1991), 'Manuals for the design of bridge foundations', (Washington, D.C.: 
Transportation Research Board). 
Barker, R.M. and Puckett, J.A. (2013), Design of Highway Bridges, An LRFD Approach (New 
Jersey: Wiley) 528. 
Bloomquist, D., McVay, M.C., and Hu, Z. (2007), 'Updating Florida Department of 
Transportation's (FDOT) pile/shaft design procedures based on CPT and DTP data', 
(Gainesville, Florida: University of Florida), 199. 
Briaud, Jean-Louis, Gardoni, Paolo, and Yao, Congpu (2013), 'Statistical, Risk, and Reliability 
Analyses of Bridge Scour', Journal of Geotechnical and Geoenvironmental Engineering, 
140 (2), 04013011. 
Baikie, L. D. (1985), 'Total and partial factors of safety in geotechnical engineering', Canadian 
Geotechnical Journal, 22 (4), 477-82. 
Baikie, L. D. (1998), 'Comparison of limits states design methods for bearing capacity of shallow 
foundations', Canadian Geotechnical Journal, 35 (1), 175-82. 
1051
Becker, Dennis E. (1996), 'Eighteenth Canadian Geotechnical Colloquium: Limit States Design 
For Foundations. Part I. An overview of the foundation design process', Canadian 
Geotechnical Journal, 33 (6), 956-83. 
Briaud, Jean-Louis, Gardoni, Paolo, and Yao, Congpu (2013), 'Statistical, Risk, and Reliability 
Analyses of Bridge Scour', Journal of Geotechnical and Geoenvironmental Engineering, 
140 (2), 04013011. 
Brown, D.A., Turner, J.P., and Castelli, R.J. (2010), 'Drilled shafts: construction procedures and 
LRFD design methods', (Washington, D.C.: National Highway Institute, U.S. Department 
of Transportation, Federal Highway Administration), 972 pp. 
Chu, L.F. (2007), 'Calibration of design methods for large diameter bored piles for limit state 
design code development', M.Ph. Thesis (The Hong Kong University of Science and 
Technology). 
Ellingwood, Bruce, et al. (1980), 'Development of a probability based load criterion for 
American National Standards A58: building code requirements for minimum design loads 
in buildings and other structures', (Washington: U.S. Department of Commerce), 237. 
Ellingwood, Bruce and Galambos, Theodore V. (1982), 'Probability-based criteria for structural 
design', Structural Safety, 1 (1), 15-26. 
Fisher, R.A. (1922), 'On the mathematical foundations of theoretical statistics', Philosophical 
Transactions of the Royal Society of London, Series A, 222, 309-68. 
Gardoni, Paolo (2002), 'Probabilistic models and fragility estimates for bridge components and 
systems', Ph.D. Thesis (University of California, Berkeley). 
Gardoni, Paolo, Kiureghian, Armen Der, and Mosalam, Khalid M. (2002a), 'Probabilistic models 
and fragility estimates for bridge components and systems', (Pacific Earthquake 
Engineering Research Center), 164. 
Gardoni, Paolo, Kiureghian, Armen Der, and Mosalam, Khalid M. (2002b), 'Probabilistic 
Capacity Models and Fragility Estimates for Reinforced Concrete Columns based on 
Experimental Observations', Journal of Engineering Mechanics, 128 (10), 1024-38. 
Haldar, A. and Mahadevan, S. (2000), Probability, reliability and statistical methods in 
engineering design (New York: John Wiley and Sons, Inc.) 304. 
International Organization for Standardization (ISO) (2015), 'General principles on reliability for 
structures', (ISO 2394; Switzerland: International Organization for Standardization). 
1052
Kulicki, J. M., et al. (2007), 'Updating the Calibration Report for the AASHTO LRFD Code'. 
Kulhawy, Fred H. and Phoon, Kok Kwang (2006), 'Some Critical Issues in Geo-RBD 
Calibrations for Foundations', GeoCongress 2006, 1-6. 
Kulhawy, Fred H., et al. (2007), 'Reliability-Based Design of Foundations for Transmission Line 
Structures', Electrical Transmission Line and Substation Structures, 184-94. 
Liu, W.D., et al. (2001), 'Redundancy in highway bridge substructures', (Washington, D.C.: 
Transportation Research Board), 107. 
Long, J.H. and Anderson, A. (2014), 'Improved design for driven piles based on a pile load test 
program in Illinois: Phase 2', (Urbana: University of Illinois at Urbana-Champaign), 97. 
Meyerhof, G. G. (1951), 'The Ultimate Bearing Capacity of Foundations', Géotechnique, 2 (4), 
301-32. 
Meyerhof, G. G. (1970), 'Safety factors in soil mechanics', Canadian Geotechnical Journal, 7 
(4), 349-55. 
Meyerhof, G. G. (1982), 'Limit states design in geotechnical engineering', Structural Safety, 1 
(1), 67-71. 
Meyerhof, G. G. (1984), 'Safety factors and limit states analysis in geotechnical engineering', 
Canadian Geotechnical Journal, 21 (1), 1-7. 
Meyerhof, Geoffrey G. (1995), 'Development of geotechnical limit state design', Canadian 
Geotechnical Journal, 32 (1), 128-36. 
Naghibi, Farzaneh and Fenton, Gordon A. (2017), 'Target geotechnical reliability for redundant 
foundation systems', Canadian Geotechnical Journal, 54 (7), 945-52. 
Nowak, Andrzej S. (1995), 'Calibration of LRFD Bridge Code', Journal of Structural 
Engineering, 121 (8), 1245-51. 
Nowak, A.S. (1999), 'Calibration of LRFD bridge design code', (Washington, D.C.: National 
Cooperative Highway Research Program), 222. 
Paikowsky, S.G., et al. (2004), 'Load and resistance factor design (LRFD) for deep foundations', 
(Washington, D.C.: American Association of State Highway and Transportation 
Official/Federal Highway Administration), 87. 
Paikowsky, S.G., et al. (2010), 'LRFD Design and Construction of Shallow Foundations for 
Highway Bridge Structures', (American Association of State Highway and Transportation 
Officials), 149. 
1053
Phoon, Kok-Kwang, Kulhawy, Fred H., and Grigoriu, Mircea D. (2000), 'Reliability-based 
design for transmission line structure foundations', Computers and Geotechnics, 26 (3–4), 
169-85. 
Phoon, Kok-Kwang, Kulhawy, Fred H., and Grigoriu, Mircea D. (2003), 'Development of a 
Reliability-Based Design Framework for Transmission Line Structure Foundations', 
Journal of Geotechnical and Geoenvironmental Engineering, 129 (9), 798-806. 
Phoon, K.K. and Kulhawy, F.H. (2005), 'Characterization of model uncertainties for drilled 
shafts under undrained axial loading', GSP131 Contemporary issues in foundation 
engineering (ASCE), 1-13. 
Roberts, L.A. and Misra, A (2009), 'load and resistance factor design (LRFD) of deep 
foundations using a performance-based design approach', Journal of GeoEngineering, 4 
(3), 87-92. 
Rosenblueth, E. and Esteva, L. (1972), 'Reliability Basis for Some Mexican Codes', Special 
Publication, 31. 
Zhang, Y. and Der Kiureghian, A. (1995), 'Two Improved Algorithms for Reliability Analysis', 
in Rüdiger Rackwitz, Guiliano Augusti, and Antonio Borri (eds.), Reliability and 
Optimization of Structural Systems: Proceedings of the sixth IFIP WG7.5 working 
conference on reliability and optimization of structural systems 1994 (Boston, MA: 




GENERAL COMMENTS, CONCLUSIONS AND SUMMARY 
 
13.1 Introduction 
The axial behavior (i.e., strength and deformational properties) of drilled shafts in soft 
rock is studied in the previous chapters of this thesis. The available methods for calculation of 
the axial resistance and settlement of drilled shafts are reviewed. Load test data for drilled shafts 
in soft rock are collected and analyzed in a consistent manner. The behavior of rock mass under 
the drilled shaft tip is studied using the experimental data and available theories. A summary of 
the findings is presented below. 
 
13.2 Side Resistance 
The side resistance of drilled shafts in soft rock is studied in Chapters 2, 3, 4, 7, 11 and 
12. The following provides a summary of the findings in relation to the side resistance: 
 
1. The existing predictive models commonly relate the measured unit side resistance in 
drilled shaft load tests to the unconfined compressive strength (qu) of the rock. These 
design models commonly do not use the properties of the rock mass in their formulation. 
These models are evaluated in Chapter 6 of this report. 
2. Many of the existing design models have not been developed for drilled shafts in soft 
rocks. This is because these models are commonly empirical and the databases that are 
used for their calibration do not include drilled shaft load tests in soft rock. 
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3. Design models that are based on laboratory constant normal stiffness (CNS) direct shear 
tests are evaluated in this report. These models account for the effect of the roughness of 
rock/concrete interface and changes in the normal stress on the interface. These more 
sophisticated models offer little improvements over simpler empirical models that are 
developed based on the results of drilled shaft load tests. 
4. The roughness of the rock/concrete interface in drilled shafts depends on the hardness of 
the rock mass and to some extent, on the type of drilling tool that is used in the 
construction of the drilled shaft. The available data show insignificant relationship 
between the drilled shaft diameter and the mobilized roughness at the rock/concrete 
interface. 
5. The contribution of the roughness of the rock/concrete interface to side resistance of 
drilled shafts is complex because in many cases (i.e., drilled shafts in siltstone, claystone 
and shale) the shear surface is not at the rock/concrete interface. This has been shown to 
be true for drilled shafts in weathered Sydney siltstone (Williams, 1980). Depending on 
the relative hardness of the rock and concrete, the roughness of the rock/concrete 
interface and the normal stresses that are generated on the interface, the shear surface 
could penetrate into the soft rock. The analysis presented in Chapter 11 showed that the 
back-calculated interface roughness and the mobilized peak shear strength of the rock 
sockets are not strongly related. 
6. The back-calculated t-z relationships consist of an initial linear and stiff response. This 
initial zone is often followed by the mobilization of a peak shear stress. The post-peak 
response in most drilled shaft load tests in soft mudstones, shales, claystones and 
siltstones is stable and not much softening is observed. The post-peak response of drilled 
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shafts in limestones and sandstones can be brittle if the mobilized shear surface on the 
perimeter of the rock socket is smooth. 
7. The peak shear strength of the rock socket is related to the drained friction angle of rock 
mass and the normal stress on the mobilized shear surface at the onset of mobilization of 
peak shear stress. The final normal stress is computed as the sum the initial normal stress 
and the change in the normal stress due to dilation of the shear surface. 
8. The initial normal stress can be reasonably estimated using the hydrostatic concrete 
pressure that acts on the perimeter of the rock socket. 
9. The change in the normal stress on the mobilized shear surface on the perimeter of the 
rock socket is directly related to the stiffness of the rock mass. The extent of weathering 
of the rock mass controls the deformational properties of the rock and thus directly 
controls the normal stiffness and generated normal stresses on the shear surface. 
Therefore, the accuracy of predicted final normal stress is dependent on the accuracy of 
prediction of rock mass modulus of deformation. 
10. The pre-peak zone of the t-z relationship is described using a hyperbolic model. The use 
of the hyperbolic model requires the initial shear stiffness and the peak shear strength of 
the mobilized shear surface. 
11. The post-peak response may not be represented using a hyperbolic model. 
12. The post-peak behavior and the variation of the shear stresses and displacements in the 
post-peak range are characterized using a brittleness index. The brittleness index 
describes the degree of softening that takes place due to displacement and subsequent 
wear of the irregularities of shear surface. 
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13.3 Tip Resistance 
The tip resistance of drilled shafts in soft rock is studied in Chapters 2, 3, 6, 9 and 10. 
The following provides a summary of the findings in relation to the tip resistance: 
 
1. A tip resistance database is collected and analyzed. The tip resistance database is 
comprehensive and includes information about the intact and rock mass properties and 
the drilled shaft characteristics. 
2. Analysis using the theory of three-dimensional consolidation in Chapter 9 shows that 
during a load test with a duration of approximately less than 5 hours (ASTM D 1143) the 
rock mass under the drilled shaft is commonly loaded in a partially drained condition and 
most of the excess pore water pressure is dissipated before the conclusion of the load test. 
3. Analysis and load test data show that the tip resistance of drilled shafts is not dependent 
on the depth of embedment because depth of embedment only represents the initial 
horizontal pressure on the failure mechanism. It is shown, however, that the tip resistance 
and the rock behavior are correlated to the final horizontal confining pressure and not its 
initial value. 
4. Analysis presented in Chapter 9 shows that the general shear failure mode that is often 
assumed for drilled shaft tip is not an accurate description of the actual in situ failure 
mechanism. 
5. The failure mechanism is by formation of vertical to subvertical cracks and compression 
of pores and existing cracks under the drilled shaft tip. This failure mechanism can best 
be described as a local shear failure. 
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6. The local shear failure takes place due to the increased compressibility of soft rock that is 
a result of stress relief, swelling and subsequent softening and weathering that occurred in 
geologic past. 
7. The q-z relationship for tip of drilled shafts in soft rock mass consists of a relatively soft 
initial response that is followed by a strength hardening behavior. 
8. The initial response is soft, concave downward and very nonlinear. In the initial zone of 
the q-z relationship, the micro-cracks will close. The concave downward shape of the q-z 
relationship, however, indicates that most of the macro-cracks are closed prior to the 
initiation of load application. 
9. As the magnitude of the applied contact pressure increases, the structure of the soft rock 
mass will yield and irreversible (inelastic) deformations will initiate due to formation of 
new cracks. When the fracture initiation pressure is mobilized, vertical cracks will form 
according to the Griffith fracture theory and as observed by Williams (1980) for 
weathered siltstone. This is followed by a cycle of crack formation and compression as 
the loads continue to increase. 
10. Further loading is accompanied by major increase in the horizontal stresses on the 
cracked zone under the drilled shaft foundation tip. Back-calculation of these horizontal 
pressures indicates that these pressures are comparable to the brittle-to-ductile transition 
pressure. This observation fully explains the strength hardening behavior (ductile) that is 
observed in the back-calculated q-z relationships. 
11. The q-z relationship is represented using modified Williams approach where tip behavior 
is initially assumed to be elastic. The nonlinearity in the q-z relationship is accounted for 
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by subtracting the plastic stresses as described in Chapter 10 from the elastic stresses 
initially assumed. 
12. The proposed q-z relation accounts for the properties of the rock mass, drilled shaft 
geometry and the nonlinearity of the rock mass stress-displacement. 
13. The proposed design equation for the initial normal stiffness, yield pressure and fracture 
initiation pressure are probabilistic. They account for uncertainty in model parameters 
and the overall model uncertainty. 
 
13.4 Rock Mass Mechanical Properties 
The mechanical properties of soft rock are studied in Chapter 5. The following provides a 
summary of the findings: 
 
1. The modulus of deformation of rock mass is back-calculated from the load test results. 
The modulus of deformation is correlated to the unconfined compressive strength of soft 
rock. 
2. Other investigators have related the rock mass modulus of deformation to rock mass 
rating indices such as GSI and RMR. Evaluation of these models against the measured 
rock mass modulus shows these more sophisticated models do not provide much 
improvement over the simpler models where rock mass modulus is related to unconfined 
compressive strength of intact rock. 
3. The rock mass indices such as GSI and RMR cannot effectively capture the behavior of 
rock mass because the shear strength of joints and fissures in soft rocks is not 
significantly different from that of intact rock substance. 
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4. The rock mass friction angle and cohesion intercept are estimated for the rocks in the 
database based on modulus of deformation of rock mass, back-calculated Geological 
Strength Index and the rock types. 
5. The shear strength of the rock mass depends on the properties of rock discontinuities and 
compressive strength of intact rock blocks. The effect of rock mass properties in soft 
rocks, however, is not as significant as its effects in strong rocks. 
6. The analysis of drilled shafts using the theory of three-dimensional consolidation shows 
that most drilled shafts behave in a partially drained manner, especially when the 
diameter of the loaded area is small. Therefore, it can be assumed that rock masses in the 
drilled shaft database behave in drained conditions for all practical purposes. 
 
13.5 Reliability Analysis and Resistance Factors 
The reliability analysis was performed in Chapter 12. The following provides a summary 
of the findings: 
 
1. The method of Gardoni et al. (2002) is used for development of predictive models in this 
report. The resulting models account for uncertainty in the model parameters and model 
overall error. 
2. The models developed in the previous chapters are used in FORM analysis to calibrate 
the resistance factors. 
3. The resistance factors for models for side and tip resistances are developed separately. 
4. The resistance factors are developed for reliability indices between 2 to 3. The resistance 













TIP RESISTANCE CASE HISTORIES 
 
 





A1: Load Test T1 
 
 
Pile No.: LT-8718-1 
Database ID No.: T1 
Original Reference: LT (2001) 
 
Table A1.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10  
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  126.85 Pells and Turner (1979) 
Intact qu (MPa) 0.614  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.829  
Tip Depth (m) from GS 14.82  
Tip Depth (m) from TOR 9.17  









Table A1.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A1.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 














A2: Load Test T2 
 
 
Pile No.: LT-8718-2 
Database ID No.: T2 
Original Reference: LT (2001) 
 
Table A2.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10  
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  424.79 Pells and Turner (1979) 
Intact qu (MPa) 0.624  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.829  
Tip Depth (m) from GS 14.94  
Tip Depth (m) from TOR 8.77  






Dark gray shale, from Graneros shale formation 
 
 
Table A2.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A2.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 





















A3: Load Test T3 
 
 
Pile No.: LT-8733 
Database ID No.: T3 
Original Reference:  
 
Table A3.1 Load test information 
Item Value  Comments 
Lithology Sandy shale  
Material constant, mi 12 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  1926.2 Pells and Turner (1979) 
Intact qu (MPa) 1.73  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.829  
Tip Depth (m) from GS 11.89  
Tip Depth (m) from TOR 6.96  






Sandy shale, thin layers of shaley sandstone are present. 
 
 
Table A3.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A2.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 































A4: Load Test T4 
 
 
Pile No.: LT-8816 
Database ID No.: T4 
Original Reference: LT (2001) 
 
Table A4.1 Load test information 
Item Value  Comments 
Lithology Chalky shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  653.9 Pells and Turner (1979) 
Intact qu (MPa) 1.452  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.067  
Tip Depth (m) from GS 12.7  
Tip Depth (m) from TOR 4.62  






Fairport chalk member, gray to dark gray chalky shale 
 
 
Table A4.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A4.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 

















A5: Load Test T5 
 
 
Pile No.: LT-8854 
Database ID No.: T5 
Original Reference: LT (2002) 
 
Table A5.1 Load test information 
Item Value  Comments 
Lithology Clay shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  1465.78 Pells and Turner (1979) 
Intact qu (MPa) 3.923  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.067  
Tip Depth (m) from GS 22.69  
Tip Depth (m) from TOR 9.05  









Table A5.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A5.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 






















A6: Load Test T6 
 
 
Pile No.: LT-9021 
Database ID No.: T6 
Original Reference: LT (2004) 
 
Table A6.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  145.14 Pells and Turner (1979) 
Intact qu (MPa) 2.7  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.524  
Tip Depth (m) from GS 19.35  
Tip Depth (m) from TOR 8.5  









Table A6.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A6.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 


















A7: Load Test T7 
 
 
Pile No.: LT-9048 
Database ID No.: T7 
Original Reference: LT (2004) 
 
Table A7.1 Load test information 
Item Value  Comments 
Lithology Clay shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  416.22 Pells and Turner (1979) 
Intact qu (MPa) 2.514  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 16  
Tip Depth (m) from TOR 3.63  






Layers of shale/ clay shale and claystone 
 
 
Table A7.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A7.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 
























A8: Load Test T8 
 
 
Pile No.: LT-8415-2 
Database ID No.: T8 
Original Reference: LT (1998) 
 
Table A8.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  721.97 Pells and Turner (1979) 
Intact qu (MPa) 3.18  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 2.438  
Tip Depth (m) from GS 33.25  
Tip Depth (m) from TOR 10.49  









Table A8.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A8.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 




























A9: Load Test T9 
 
 
Pile No.: MT1 
Database ID No.: T9 
Original Reference: Aurora and Reese (1976) 
 
Table A9.1 Load test information 
Item Value  Comments 
Lithology Clay shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  333.33 Pells and Turner (1979) 
Intact qu (MPa) 1.42  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down Compression 
Tip Diameter (m) 0.736  
Tip Depth (m) from GS 7.24  
Tip Depth (m) from TOR 1.19  









Table A9.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A9.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 
































A10: Load Test T10 
 
 
Pile No.: MT2 
Database ID No.: T10 
Original Reference: Aurora and Reese (1976) 
 
Table A10.1 Load test information 
Item Value  Comments 
Lithology Clay shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  70.6 Pells and Turner (1979) 
Intact qu (MPa) 1.42  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down Compression 
Tip Diameter (m) 0.79  
Tip Depth (m) from GS 7.29  
Tip Depth (m) from TOR 1.42  









Table A10.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A10.3 Load-transfer function (q-z) 
































A11: Load Test T11 
 
 
Pile No.: MT3 
Database ID No.: T11 
Original Reference: Aurora and Reese (1976) 
 
Table A11.1 Load test information 
Item Value  Comments 
Lithology Clay shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  775.91 Pells and Turner (1979) 
Intact qu (MPa) 1.42  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down Compression 
Tip Diameter (m) 0.75  
Tip Depth (m) from GS 7.32  
Tip Depth (m) from TOR 1.52  









Table A11-2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A11.3 Load-transfer function (q-z) 
 































A12: Load Test T12 
 
 
Pile No.: DT1 
Database ID No.: T12 
Original Reference: Aurora and Reese (1976) 
 
Table A12.1 Load test information 
Item Value  Comments 
Lithology Clay shale  
Material constant, mi 10 Hoek and Brown (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  109.24 Pells and Turner (1979) 
Intact qu (MPa) 0.61  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down Compression 
Tip Diameter (m) 0.89  
Tip Depth (m) from GS 7.62  
Tip Depth (m) from TOR 1.83  









Table A12.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A12.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 




















A13: Load Test T13 
 
 
Pile No.: Frankline site 
Database ID No.: T13 
Original Reference: Abu-Hejleh et al. (2003) 
 
Table A13.1 Load test information 
Item Value  Comments 
Lithology Claystone  
Material constant, mi 4 Hoek et al. (1994) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  163.94 Pells and Turner (1979) 
Intact qu (MPa) 1.5  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.066  
Tip Depth (m) from GS 7.7  
Tip Depth (m) from TOR 6.32  






Very hard thinly bedded dark gray, very sand claystone 
RQD = 80% 
 
Table A13.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A13.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 




















A14: Load Test T14 
 
 
Pile No.: County line site 
Database ID No.: T14 
Original Reference: Abu-hejleh et al. (2003) 
 
Table A14.1 Load test information 
Item Value  Comments 
Lithology Sandy claystone  
Material constant, mi 6 Hoek et al. (1994) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  40.23 Pells and Turner (1979) 
Intact qu (MPa) 0.81  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 6.71  
Tip Depth (m) from TOR 6.71  






Hrad olive to gray, claystone 
 
 
Table A14.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A14.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 
















A15: Load Test T15 
 
 
Pile No.: I225 
Database ID No.: T15 
Original Reference: Abu-Hejleh et al. (2003) 
 
Table A15.1 Load test information 
 
Item Value  Comments 
Lithology Sandy claystone  
Material constant, mi 6 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  59.49 Pells and Turner (1979) 
Intact qu (MPa) 0.63  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg method  
Tip Diameter (m) 1.066  
Tip Depth (m) from GS 8.7  
Tip Depth (m) from TOR 4.91  






Claystone with sandstone seams 
 
 
Table A15.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A15.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 














A16: Load Test T16 
 
 
Pile No.: S2 
Database ID No.: T16 
Original Reference: Williams (1980) 
 
Table A16.1 Load test information 
Item Value  Comments 
Lithology Siltstone   
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  130.1 Pells and Turner (1979) 
Intact qu (MPa) 0.54  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down Compression 
Tip Diameter (m) 0.6  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  










Table A16.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to fair  





Table A16.3 Load-transfer function (q-z) 
 
Tip Local Displacement, 
(mm) 





















A17: Load Test T17 
 
 
Pile No.:  S4 
Database ID No.: T17 
Original Reference: Williams (1980) 
 
Table A17.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  560.5 Pells and Turner (1979) 
Intact qu (MPa) 0.57  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down Compression 
Tip Diameter (m) 1  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  






3 orthogonal joint sets, joints are tight and clean, occasionally coated with clay, planar 
 
 
Table A17.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair-good  





Table A17.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A18: Load Test T18 
 
 
Pile No.: S6 
Database ID No.: T18 
Original Reference: Williams (1980) 
 
Table A18.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  223.58 Pells and Turner (1979) 
Intact qu (MPa) 0.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test   
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  










Table A18.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair - good  





Table A18.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A19: Load Test T19 
 
 
Pile No.: S7 
Database ID No.: T19 
Original Reference: Williams (1980) 
 
Table A19.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  116 Pells and Turner (1979) 
Intact qu (MPa) 0.44  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 0.25  
Tip Depth (m) from TOR 0.25  






3 orthogonal joint sets, joints are tight and clean, planar 
 
 
Table A19.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good-Fair  





Table A19.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A20: Load Test T20 
 
 
Pile No.: S9 
Database ID No.: T20 
Original Reference: Williams (1980) 
 
Table A20.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  226.42 Pells and Turner (1979) 
Intact qu (MPa) 0.65  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load tests  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 2  
Tip Depth (m) from TOR 2  






3 orthogonal joint sets, clean and tight, planar joint 
 
 
Table A20.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair- Good  





Table A20.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A21: Load Test T21 
 
 
Pile No.: S10 
Database ID No.: T21 
Original Reference: Williams (1980) 
 
Table A21.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  70.76 Pells and Turner (1979) 
Intact qu (MPa) 0.75  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 1  
Tip Depth (m) from TOR 1  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A21.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair-Good  





Table A21.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















Figure A21.1 Load-transfer function (q-z). 
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A22: Load Test T22 
 
 
Pile No.: S11 
Database ID No.: T22 
Original Reference: Williams (1980) 
 
Table A22.1 Load test information 
 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  112.93 Pells and Turner (1979) 
Intact qu (MPa) 0.67  
Poisson’s Ratio 0.3 Estimated 
Load test method Hydraulic jack Support from a fixed reaction 
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 1  
Tip Depth (m) from TOR 1  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A22.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair - Good  





Table A22.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A23: Load Test T23 
 
 
Pile No.: S13 
Database ID No.: T23 
Original Reference: Williams (1980) 
 
Table A23.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  61.48 Pells and Turner (1979) 
Intact qu (MPa) 0.57  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down Hydraulic jack against a fixed 
reaction 
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 1.52  
Tip Depth (m) from TOR 1.52  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A23.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A23.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















Figure A23.1 Load-transfer function (q-z). 
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A24: Load Test T24 
 
 
Pile No.: S19 
Database ID No.: T24 
Original Reference: Williams (1980) 
 
Table A24.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  87.98 Pells and Turner (1979) 
Intact qu (MPa) 0.45  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 0.2  
Tip Depth (m) from TOR 0.2  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A24.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair - Good  





Table A24.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 






















A25: Load Test T25 
 
 
Pile No.: S22 
Database ID No.: T25 
Original Reference: Williams (1980) 
 
Table A25.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  33.9 Pells and Turner (1979) 
Intact qu (MPa) 0.52  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down  
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 2.2  
Tip Depth (m) from TOR 2.2  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A25.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A25.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




























A26: Load Test T26 
 
 
Pile No.: M1 
Database ID No.: T26 
Original Reference: Williams (1980) 
 
Table A26.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  332.94 Pells and Turner (1979) 
Intact qu (MPa) 2.68  
Poisson’s Ratio 0.3 Estimated 
Load test method Bottom loaded Similar to O-Cell test 
Tip Diameter (m) 1  
Tip Depth (m) from GS 15.5  
Tip Depth (m) from TOR 15.5  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A26.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A26.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













Figure A26.1 Load-transfer function (q-z). 
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A27: Load Test T27 
 
 
Pile No.: M2 
Database ID No.: T2 
Original Reference: Williams (1980) 
 
Table A27.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1994) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  536.73 Pells and Turner (1979) 
Intact qu (MPa) 2.45  
Poisson’s Ratio 0.3 Estimated 
Load test method Bottom loaded Similar to an O-Cell test 
Tip Diameter (m) 1  
Tip Depth (m) from GS 15.5  
Tip Depth (m) from TOR 15.5  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A27.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A27.2 Rock properties 
 
Tip Local Displacement 
(mm) 

















Figure A27.1 Load-transfer function (q-z). 
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A28: Load Test T28 
 
 
Pile No.: M3 
Database ID No.: T28 
Original Reference: Williams (1980) 
 
Table A28.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  782.42 Pells and Turner (1979) 
Intact qu (MPa) 2.45  
Poisson’s Ratio 0.3 Estimated 
Load test method Bottom loaded Similar to an O-Cell test 
Tip Diameter (m) 1  
Tip Depth (m) from GS 15.5  
Tip Depth (m) from TOR 15.5  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A28.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A28.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A29: Load Test T29 
 
 
Pile No.: M4 
Database ID No.: T29 
Original Reference: Williams (1980) 
 
Table A29.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  536.67 Pells and Turner (1979) 
Intact qu (MPa) 2.68  
Poisson’s Ratio 0.3 Estimated 
Load test method Bottom loaded Similar to an O-Cell test 
Tip Diameter (m) 1  
Tip Depth (m) from GS 15.5  
Tip Depth (m) from TOR 15.5  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A29.2 Rock properties 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair - Good  





Table A29.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















Figure A29.1 Load-transfer function (q-z). 
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A30: Load Test T30 
 
 
Pile No.: M6 
Database ID No.: T30 
Original Reference: Williams (1980) 
 
Table A30.1 Load test information 
 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  367.82 Pells and Turner (1979) 
Intact qu (MPa) 1.93  
Poisson’s Ratio 0.3 Estimated 
Load test method Top loaded  
Tip Diameter (m) 0.6  
Tip Depth (m) from GS 1.8  
Tip Depth (m) from TOR 1.8  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A30.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A30.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A31: Load Test T31 
 
 
Pile No.: M7 
Database ID No.: T31 
Original Reference: Williams (1980) 
 
Table A31.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  253.52 Pells and Turner (1979) 
Intact qu (MPa) 1.4  
Poisson’s Ratio 0.3 Estimated 
Load test method Top loaded  
Tip Diameter (m) 1  
Tip Depth (m) from GS 3  
Tip Depth (m) from TOR 3  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A31.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair - Good  





Table A31.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A32: Load Test T32 
 
 
Pile No.: M13 
Database ID No.: T32 
Original Reference: Williams (1980) 
 
Table A32.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  431.4 Pells and Turner (1979) 
Intact qu (MPa) 2.98  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate and loading rods Top loaded 
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 1  
Tip Depth (m) from TOR 1  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A32.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair - Good  





Table A32.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A33: Load Test T33 
 
 
Pile No.: M14 
Database ID No.: T33 
Original Reference: Williams (1980) 
 
Table A33.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  232.1 Pells and Turner (1979) 
Intact qu (MPa) 1.83  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate and loading rods Top loaded 
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 2  
Tip Depth (m) from TOR 2  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A33.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A33.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













Figure A33.1 Load-transfer function (q-z). 
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A34: Load Test T34 
 
 
Pile No.: M15 
Database ID No.: T34 
Original Reference: Williams (1980) 
 
Table A34.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  351.05 Pells and Turner (1979) 
Intact qu (MPa) 2.27  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate and loading rod Top loaded 
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 0.5  
Tip Depth (m) from TOR 0.5  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A34.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A34.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A35: Load Test T35 
 
 
Pile No.: M16 
Database ID No.: T35 
Original Reference: Williams (1980) 
 
Table A35.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  287.3 Pells and Turner (1979) 
Intact qu (MPa) 2.12  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate and loading rods  
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 0.3  
Tip Depth (m) from TOR 0.3  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A35.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A35.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A36: Load Test T36 
 
 
Pile No.: M17 
Database ID No.: T36 
Original Reference: Williams (1980) 
 
Table A36.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  736.31 Pells and Turner (1979) 
Intact qu (MPa) 3.1  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  










Table A36.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A36.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













Figure A36.1 Load-transfer function (q-z). 
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A37: Load Test M37 
 
 
Pile No.: M18 
Database ID No.: T37 
Original Reference: Williams (1980) 
 
Table A37.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  233 Pells and Turner (1979) 
Intact qu (MPa) 1.53  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.1  
Tip Depth (m) from GS 0.2  
Tip Depth (m) from TOR 0.2  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
Table A37.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A37.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 











Figure A37.1 Load-transfer function (q-z). 
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A38: Load Test T38 
 
 
Pile No.: M19 
Database ID No.: T39 
Original Reference: Williams (1980) 
 
Table A38.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  1031.72 Pells and Turner (1979) 
Intact qu (MPa) 1.14  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A38.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A38.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 










Figure A38.1 Load-transfer function (q-z). 
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A39: Load Test T39 
 
 
Pile No.: M21 
Database ID No.: T39 
Original Reference: Williams (1980) 
 
Table A39.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  285 Pells and Turner (1979) 
Intact qu (MPa) 1.97  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate and loading rod  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 1.5  
Tip Depth (m) from TOR 1.5  









Table A39.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A39.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A40: Load Test T40 
 
 
Pile No.: WG303/2 
Database ID No.: T40 
Original Reference: Williams (1980) 
 
Table A40.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  828 Pells and Turner (1979) 
Intact qu (MPa) 4.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Bottom loaded Similar to O-Cell load test 
Tip Diameter (m) 1  
Tip Depth (m) from GS 43  
Tip Depth (m) from TOR 10  






3 Orthogonal joint sets, tight and clean joints, with some clay coating, planar joints 
 
 
Table A40.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A40.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 






















A41: Load Test T41 
 
 
Pile No.: Test shaft 1 
Database ID No.: T41 
Original Reference: Spanovich and Garvin (1979) 
 
Table A41.1 Load test information 
Item Value  Comments 
Lithology Silty shale  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  233.14 Pells and Turner (1979) 
Intact qu (MPa) 1.45  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down  
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 5.2  
Tip Depth (m) from TOR 0  









Table A41.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A41.3 Load-transfer function (q-z) 
 



















Figure A41.1 Load-transfer function (q-z). 
1150
 
A42: Load Test T42 
 
 
Pile No.: Test shaft 5 
Database ID No.: T42 
Original Reference: Spanovich and Garvin (1979) 
 
Table A42.1 Load test information 
Item Value  Comments 
Lithology Silty shale  
Material constant, mi 10 Hoek et al. (1995) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  259.77 Pells and Turner (1979) 
Intact qu (MPa) 1.45  
Poisson’s Ratio 0.3 Estimated 
Load test method Top loaded  
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 5.2  
Tip Depth (m) from TOR 0  









Table A42.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A42.3 Load-transfer function (q-z) 
 










Figure A42.1 Load-transfer function (q-z). 
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A43: Load Test T43 
 
 
Pile No.: Test shaft 8 
Database ID No.: T43 
Original Reference: Spanovich and Garvin (1979) 
 
Table A43.1 Load test information 
Item Value  Comments 
Lithology Silty shale  
Material constant, mi 10 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  121.23 Pells and Turner (1979) 
Intact qu (MPa) 1.45  
Poisson’s Ratio 0.3 Estimated 
Load test method Top loaded  
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 5.2  
Tip Depth (m) from TOR 0  









Table A43.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A43.3 Load-transfer function (q-z) 
 



















A44: Load Test T44 
 
 
Pile No.: Test shaft 11 
Database ID No.: T44 
Original Reference: Spanovich and Garvin (1979) 
 
Table A44.1 Load test information 
Item Value  Comments 
Lithology Silty shale  
Material constant, mi 10 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  161.55 Pells and Turner (1979) 
Intact qu (MPa) 1.45  
Poisson’s Ratio 0.3 Estimated 
Load test method Top loaded  
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 5.2  
Tip Depth (m) from TOR 2  









Table A44.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A44.3 Load-transfer function (q-z) 
 





















A45: Load Test T45 
 
 
Pile No.: Shaft 4 
Database ID No.: T45 
Original Reference: Jubenville and Hepworth (1981) 
 
Table A45.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  48 Pells and Turner (1979) 
Intact qu (MPa) 1.08  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 2.1  
Tip Depth (m) from TOR 1.5  









Table A45.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A45.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














A46: Load Test T46 
 
 
Pile No.: Central pile 
Database ID No.: T46 
Original Reference: Wilson (1976) 
 
Table A46.1 Load test information 
Item Value  Comments 
Lithology Silty mudstone  
Material constant, mi 10 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  190.35 Pells and Turner (1979) 
Intact qu (MPa) 1.43  
Poisson’s Ratio 0.3 Estimated 
Load test method Top down  
Tip Diameter (m) 0.67  
Tip Depth (m) from GS 6  
Tip Depth (m) from TOR 3  






Mudstone, not cement or indurated, occasional bedding planes/vertical joints 
 
 
Table A46.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A46.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 























A47: Load Test T47 
 
 
Pile No.: Pile Y 
Database ID No.: T47 
Original Reference: Webb (1976) 
 
Table A47.1 Load test information 
Item Value  Comments 
Lithology Diabase  
Material constant, mi 17 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  95.1 Pells and Turner (1979) 
Intact qu (MPa) 0.53  
Poisson’s Ratio 0.3 Estimated 
Load test method Top loaded  
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 12  
Tip Depth (m) from TOR 10  









Table A47.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A47.3 Load-transfer function (q-z) 
 



















Figure A47.1 Load-transfer function (q-z). 
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A48: Load Test T48 
 
 
Pile No.: Pile Z 
Database ID No.: T48 
Original Reference: Webb (1976) 
 
Table A48.1 Load test information 
Item Value  Comments 
Lithology Diabase  
Material constant, mi 17 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  255 Pells and Turner (1979) 
Intact qu (MPa) 0.53  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 1.23  
Tip Depth (m) from GS 12  
Tip Depth (m) from TOR 10  









Table A48.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A48.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A49: Load Test T49 
 
 
Pile No.: Test pier 
Database ID No.: T49 
Original Reference: Hummert and Cooling (1988) 
 
Table A49.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  9.7 Pells and Turner (1979) 
Intact qu (MPa) 3.82  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 12.9  
Tip Depth (m) from TOR 2.53  






Pierre shale, thinly bedded shale with sandstone layers 
 
 
Table A49.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A49.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 





















A50: Load Test T50 
 
 
Pile No.: Shaft 1 
Database ID No.: T50 
Original Reference: Geoke and Hustad (1979) 
 
Table A50.1 Load test information 
Item Value  Comments 
Lithology Shale with limestone seams  
Material constant, mi 9 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  114.74 Pells and Turner (1979) 
Intact qu (MPa) 0.81  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 8.8  
Tip Depth (m) from TOR 4.4  






Shale with limestone seams. 
 
 
Table A50.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A50.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














Figure A50.1 Load-transfer function (q-z). 
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A51: Load Test T51 
 
 
Pile No.: Shaft 2 
Database ID No.: T51 
Original Reference: Geoke and Hustad (1979) 
 
Table A51.1 Load test information 
Item Value  Comments 
Lithology Shale with limestone seams  
Material constant, mi 9 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  179.29 Pells and Turner (1979) 
Intact qu (MPa) 0.81  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top loaded 
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 11.1  
Tip Depth (m) from TOR 6.7  









Table A51.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A51.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 











Figure A51.1 Load-transfer function (q-z). 
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A52: Load Test T52 
 
 
Pile No.: M8 
Database ID No.: T52 
Original Reference: Williams (1980) 
 
Table A52.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  110.98 Pells and Turner (1979) 
Intact qu (MPa) 2.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.66  
Tip Depth (m) from GS 2.4  
Tip Depth (m) from TOR 1.8  






3 orthogonal joint sets, clean and tight joints, planar joints. 
 
 
Table A52.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A52.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




























A53: Load Test T53 
 
 
Pile No.: M9 
Database ID No.: T53 
Original Reference: Williams (1980) 
 
Table A53.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  108.23 Pells and Turner (1979) 
Intact qu (MPa) 2.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.66  
Tip Depth (m) from GS 4.8  
Tip Depth (m) from TOR 4.2  






3 orthogonal joint sets, clean and tight joints, planar joints. 
 
 
Table A53.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair- Good  





Table A53.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 























A54: Load Test T54 
 
 
Pile No.: M10 
Database ID No.: T54 
Original Reference: Williams (1980) 
 
Table A54.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  99.42 Pells and Turner (1979) 
Intact qu (MPa) 4.5  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.66  
Tip Depth (m) from GS 8.4  
Tip Depth (m) from TOR 7.8  






3 orthogonal joint sets, clean and tight joints, planar joints. 
 
 
Table A54.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair – Good  





Table A54.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













Figure A54.1 Load-transfer function (q-z). 
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A55: Load Test T55 
 
 
Pile No.: Test pier 2 
Database ID No.: T55 
Original Reference: Horvath (1982) 
 
Table A55.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  450.17 Pells and Turner (1979) 
Intact qu (MPa) 11.1  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.71  
Tip Depth (m) from GS 1.97  
Tip Depth (m) from TOR 1.97  










Table A55.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  





Table A55.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













Figure A55.1 Load-transfer function (q-z). 
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A56: Load Test T56 
 
 
Pile No.: Test pier 4 
Database ID No.: T56 
Original Reference: Horvath (1982) 
 
Table A56.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  1020.18 Pells and Turner (1979) 
Intact qu (MPa) 5.5  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.71  
Tip Depth (m) from GS 1.97  
Tip Depth (m) from TOR 1.97  






Queenston shale, horizontally bedded, joints are often horizontal and iron-stained, joint sets not 
well defined. 
 
Table A56.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  





Table A56.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A57: Load Test T57 
 
 
Pile No.: Test pier 5 
Database ID No.: T57 
Original Reference: Horvath (1982) 
 
Table A57.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  922.42 Pells and Turner (1979) 
Intact qu (MPa) 10.35  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional test  
Tip Diameter (m) 0.71  
Tip Depth (m) from GS 1.97  
Tip Depth (m) from TOR 1.97  










Table A57.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  





Table A57.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 











Figure A57.1 Load-transfer function (q-z). 
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A58: Load Test T58 
 
 
Pile No.: Test pier 
Database ID No.: T58 
Original Reference: Sheikh et al. (1985) 
 
Table A58.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  153 Pells and Turner (1979) 
Intact qu (MPa) 0.8  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 2.33  
Tip Depth (m) from GS 3.85  
Tip Depth (m) from TOR 0  






Hard, blue Eagle ford shale with horizontal laminations. 
 
 
Table A58.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A58.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A59: Load Test T59 
 
 
Pile No.: Wendte site 
Database ID No.: T59 
Original Reference: Bump et al. (1971) 
 
Table A59.1 Load test information 
Item Value  Comments 
Lithology Silty shale  
Material constant, mi   
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa) 0.2  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 6.21  
Tip Depth (m) from TOR 6.21  









Table A59.1 Load test information 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
 GSI =  
 
 





A60: Load Test T60 
 
 
Pile No.: Okaton site 
Database ID No.: T60 
Original Reference: Bump et al. (1971) 
 
Table A60.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi   
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa) 0.49  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 6.1  
Tip Depth (m) from TOR 6.1  






Weathered shale formation, Pierre shale 
 
 
Table A60.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
 GSI =  
 
 





A61: Load Test T61 
 
 
Pile No.: Wall site 
Database ID No.: T61 
Original Reference: Bump et al. (1971) 
 
Table A61.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi   
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 6.1  
Tip Depth (m) from TOR 4  






Weathered white river formation 
 
 
Table A61.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
 GSI =  
 
 






A62: Load Test T62 
 
 
Pile No.: Pier site (DS1) 
Database ID No.: T62 
Original Reference: Bump et al. (1971) 
 
Table A62.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi   
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 3  
Tip Depth (m) from TOR 3  









Table A62.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
 GSI =  
 
 





A63: Load Test T63 
 
 
Pile No.: Pierre site (DS2) 
Database ID No.: T63 
Original Reference: Bump et al. (1971) 
 
Table A63.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi   
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.46  
Tip Depth (m) from GS 6  
Tip Depth (m) from TOR 6  









Table A63.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
 GSI =  
 
 





A64: Load Test T64 
 
 
Pile No.: Pierre site (DS3) 
Database ID No.: T64 
Original Reference: Bump et al. (1971) 
 
Table A64.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi   
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.2  
Tip Depth (m) from GS 3  
Tip Depth (m) from TOR 3  









Table A64.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
 GSI =  
 
 





A65: Load Test T65 
 
 
Pile No.: Pierre site (DS5) 
Database ID No.: T65 
Original Reference: Bump et al. (1971) 
 
Table A65.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi   
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.114  
Tip Depth (m) from GS 3  
Tip Depth (m) from TOR 3  









Table A65.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
 GSI =  
 
 





A66: Load Test T66 
 
 
Pile No.: Montopolis site 
Database ID No.: T66 
Original Reference: Reese and Hudson (1968) 
 
Table A66.1 Load test information 
Item Value  Comments 
Lithology Hard tan clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  68 Pells and Turner (1979) 
Intact qu (MPa) 0.5  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 3.65  
Tip Depth (m) from TOR 3.65  






Hard tan clay with calcareous material. 
 
 
Table A66.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A66.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 








Figure A66.1 Load-transfer function (q-z). 
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A67: Load Test T67 
 
 
Pile No.: Site 1 
Database ID No.: T67 
Original Reference: Engeling and Reese (1974) 
 
Table A67.1 Load test information 
Item Value  Comments 
Lithology Clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  174.7 Pells and Turner (1979) 
Intact qu (MPa) 0.67  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 12.8  
Tip Depth (m) from TOR 3.65  






Clay of medium plasticity. 
 
 
Table A67.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A67.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 










Figure A67.1 Load-transfer function (q-z). 
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A68: Load Test T68 
 
 
Pile No.: Site 2 
Database ID No.: T68 
Original Reference: Engeling and Reese (1974) 
 
Table A68.1 Load test information 
Item Value  Comments 
Lithology Clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  172.6 Pells and Turner (1979) 
Intact qu (MPa) 0.67  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.9  
Tip Depth (m) from GS 17.3  
Tip Depth (m) from TOR 2.1  






Sandy fissured clay. 
 
 
Table A68.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A68-3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A69: Load Test T69 
 
 
Pile No.: Pier B 
Database ID No.: T69 
Original Reference: Newman et al. (1981) 
 
Table A69.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  14330 (?) Pells and Turner (1979) 
Intact qu (MPa) 32.4  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.86  
Tip Depth (m) from GS 27.1  
Tip Depth (m) from TOR 1.35  









Table A69.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A69.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 











A70: Load Test T70 
 
 
Pile No.: MP1 
Database ID No.: T70 
Original Reference: Camp et al. (2002) 
 
Table A70.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  391.82 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 2.4  
Tip Depth (m) from GS 48.2  
Tip Depth (m) from TOR 48.2  









Table A70.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A70.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A71: Load Test T71 
 
 
Pile No.: MP2 
Database ID No.: T71 
Original Reference: Camp et al. (2002) 
 
Table A71.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  316.9 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 2.4  
Tip Depth (m) from GS 48  
Tip Depth (m) from TOR 48  









Table A71.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A71.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 










Figure A71.1 Load-transfer function (q-z). 
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A72: Load Test T72 
 
 
Pile No.: MP3 
Database ID No.: T72 
Original Reference: Camp et al. (2002) 
 
Table A72.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  146 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 2.4  
Tip Depth (m) from GS 33.5  
Tip Depth (m) from TOR 33.5  









Table A72.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A72.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 










Figure A72.1 Load-transfer function (q-z). 
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A73: Load Test T73 
 
 
Pile No.: MP4 
Database ID No.: T73 
Original Reference: Camp et al. (2002) 
 
Table A73.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  117.95 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.8  
Tip Depth (m) from GS 32.6  
Tip Depth (m) from TOR 32.6  









Table A73.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A73.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 











Figure A73.1 Load-transfer function (q-z). 
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A74: Load Test T74 
 
 
Pile No.: C1 
Database ID No.: T74 
Original Reference: Camp et al. (2002) 
 
Table A74.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  498.54 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 2.4  
Tip Depth (m) from GS 47.9  
Tip Depth (m) from TOR 47.9  









Table A74.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A74.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A75: Load Test T75 
 
 
Pile No.: C2 
Database ID No.: T75 
Original Reference: Camp et al. (2002) 
 
Table A75.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  194.27 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 2.4  
Tip Depth (m) from GS 48.2  
Tip Depth (m) from TOR 48.2  









Table A75.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A75.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












Figure A75.1 Load-transfer function (q-z). 
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A76: Load Test T76 
 
 
Pile No.: C3 
Database ID No.: T76 
Original Reference: Camp et al. (2002) 
 
Table A76.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  51.76 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 2.4  
Tip Depth (m) from GS 34.3  
Tip Depth (m) from TOR 34.3  









Table A76.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A76.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













A77: Load Test T77 
 
 
Pile No.: C4 
Database ID No.: T77 
Original Reference: Camp et al. (2002) 
 
Table A77.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  123.7 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.8  
Tip Depth (m) from GS 33.1  
Tip Depth (m) from TOR 33.1  









Table A77.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A77.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














A78: Load Test T78 
 
 
Pile No.: DI1 
Database ID No.: T78 
Original Reference: Camp et al. (2002) 
 
Table A78.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  178.14 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 2.4  
Tip Depth (m) from GS 48.3  
Tip Depth (m) from TOR 48.3  









Table A78.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A78.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 










Figure A78.1 Load-transfer function (q-z). 
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A79: Load Test T79 
 
 
Pile No.: DI2 
Database ID No.: T79 
Original Reference: Camp et al. (2002) 
 
Table A79.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  169.12 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.8  
Tip Depth (m) from GS 35.1  
Tip Depth (m) from TOR 35.1  









Table A79.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A79.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A80: Load Test T80 
 
 
Pile No.: East shaft 
Database ID No.: T80 
Original Reference: Glos and Briggs (1983) 
 
Table A80.1 Load test information 
Item Value  Comments 
Lithology Shaley sandstone  
Material constant, mi 15 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  885.7 Pells and Turner (1979) 
Intact qu (MPa) 9.25  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  Top down compression 
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 16.9  
Tip Depth (m) from TOR 1.39  









Table A80.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A80.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













A81: Load Test T81 
 
 
Pile No.: West shaft 
Database ID No.: T81 
Original Reference: Glos and Briggs (1983) 
 
Table A81.1 Load test information 
Item Value  Comments 
Lithology Shaley sandstone  
Material constant, mi 15 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  481.13 Pells and Turner (1979) 
Intact qu (MPa) 8.36  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 16.2  
Tip Depth (m) from TOR 1.47  









Table A81.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A81.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













A82: Load Test T82 
 
 
Pile No.: Shaft 11 
Database ID No.: T82 
Original Reference: Bullock (2003) 
 
Table A82.1 Load test information 
Item Value  Comments 
Lithology Limestone  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  554.4 Pells and Turner (1979) 
Intact qu (MPa) 1  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.6  
Tip Depth (m) from GS 25  
Tip Depth (m) from TOR 7.3  






Weathered fossiliferous limestone. 
 
 
Table A82.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A82.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A83: Load Test T83 
 
 
Pile No.: Shaft 2 
Database ID No.: T83 
Original Reference: Bullock (2003) 
 
Table A83.1 Load test information 
Item Value  Comments 
Lithology Limestone  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  738.8 Pells and Turner (1979) 
Intact qu (MPa) 2.5  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterbeg tests  
Tip Diameter (m) 1.94  
Tip Depth (m) from GS 26.85  
Tip Depth (m) from TOR 7.83  






Weathered fossiliferous limestone. 
 
 
Table A83.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A83.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




























A84: Load Test T84 
 
 
Pile No.: Shaft 5 
Database ID No.: T84 
Original Reference: Bullock (2003) 
 
Table A84.1 Load test information 
Item Value  Comments 
Lithology Limestone  
Material constant, mi 7 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  495.5 Pells and Turner (1979) 
Intact qu (MPa) 0.95  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.87  
Tip Depth (m) from GS 26.85  
Tip Depth (m) from TOR 5.54  






Weathered fossiliferous limestone. 
 
 
Table A84.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A84.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 























A85: Load Test T85 
 
 
Pile No.: LT-8194 
Database ID No.: T85 
Original Reference: Brown and Thompson (2008) 
 
Table A85.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  219.2 Pells and Turner (1979) 
Intact qu (MPa) 1.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 11.67  
Tip Depth (m) from TOR 9  









Table A85.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A85.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




























A86: Load Test T86 
 
 
Pile No.: LT-8373 
Database ID No.: T86 
Original Reference: Brown and Thompson (2008) 
 
Table A86.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  1042.36 Pells and Turner (1979) 
Intact qu (MPa) 1.33  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.1  
Tip Depth (m) from GS 8.7  
Tip Depth (m) from TOR 5.82  






Very hard, gray, calcareous siltstone. 
 
 
Table A86.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A86.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




















A87: Load Test T87 
 
 
Pile No.: LT-8461-1 
Database ID No.: T87 
Original Reference: Brown and Thompson (2008) 
 
Table A87.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  75112.5 Pells and Turner (1979) 
Intact qu (MPa) 1.84  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 13.1  
Tip Depth (m) from TOR 4.7  









Table A87.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A87.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













A88: Load Test T88 
 
 
Pile No.: LT-8461-2 
Database ID No.: T88 
Original Reference: Brown and Thompson (2008) 
 
Table A88.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  256 Pells and Turner (1979) 
Intact qu (MPa) 1.3  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 15.2  
Tip Depth (m) from TOR 11.2  









Table A88.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A88.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















Figure A88.1 Load-transfer function (q-z). 
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A89: Load Test T89 
 
 
Pile No.: LT-8487 
Database ID No.: T89 
Original Reference: Brown and Thompson (2008) 
 
Table A89.1 Load test information 
Item Value  Comments 
Lithology Silty clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  4904.7 Pells and Turner (1979) 
Intact qu (MPa) 0.34  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.37  
Tip Depth (m) from GS 20  
Tip Depth (m) from TOR 9.1  









Table A89.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A89.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












A90: Load Test T90 
 
 
Pile No.: LT-8661 
Database ID No.: T90 
Original Reference: Brown and Thompson (2008) 
 
Table A90.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  134.7 Pells and Turner (1979) 
Intact qu (MPa) 0.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 44.1  
Tip Depth (m) from TOR 26.7  









Table A90.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A90.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















T91: Load Test T91 
 
 
Pile No.: LT-8788 
Database ID No.: T91 
Original Reference: Brown and Thompson (2008) 
 
Table A91.1 Load test information 
Item Value  Comments 
Lithology Hard clay  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  29.4 Pells and Turner (1979) 
Intact qu (MPa) 0.53  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 13.7  
Tip Depth (m) from TOR 4.4  






Hard fossiliferous and calcareous clay 
 
 
Table A91.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A91.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A92: Load Test T92 
 
 
Pile No.: LT-8912-1 
Database ID No.: T92 
Original Reference: Brown and Thompson (2008) 
 
Table A92.1 Load test information 
Item Value  Comments 
Lithology Hard silty clay  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  481.27 Pells and Turner (1979) 
Intact qu (MPa) 0.86  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  Compression 
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 12.8  
Tip Depth (m) from TOR 7.2  






Hard silty clay. 
 
 
Table A92.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A92.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















Figure A92.1 Load-transfer function (q-z). 
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A93: Load Test T93 
 
 
Pile No.: LT-8912-2 
Database ID No.: T93 
Original Reference: Brown and Thompson (2008) 
 
Table A93.1 Load test information 
Item Value  Comments 
Lithology Hard sandy silt  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  55.98 Pells and Turner (1979) 
Intact qu (MPa) 0.86  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 10.4  
Tip Depth (m) from TOR 7.1  






Hard fossiliferous sandy silt (indurated). 
 
 
Table A93.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A93.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












Figure A93.1 Load-transfer function (q-z). 
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A94: Load Test T94 
 
 
Pile No.: Blount County 
Database ID No.: T94 
Original Reference: Thompson (1994) 
 
Table A94.1 Load test information 
Item Value  Comments 
Lithology Shale and sand stone  
Material constant, mi 12.5 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  85.45 Pells and Turner (1979) 
Intact qu (MPa) 6.7  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.81  
Tip Depth (m) from GS 18.3  
Tip Depth (m) from TOR 3.65  






Shale and sandstone. 
 
 
Table A94.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A94.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A95: Load Test T95 
 
 
Pile No.: Wilsonville 
Database ID No.: T95 
Original Reference: Thompson (1994) 
 
Table A95.1 Load test information 
Item Value  Comments 
Lithology Shale Seams of sandstone 
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  194.5 Pells and Turner (1979) 
Intact qu (MPa) 0.4  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 0.81  
Tip Depth (m) from GS 7.2  
Tip Depth (m) from TOR 5.6  






Very weathered shale with seams of sandstone. 
 
 
Table A95.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A95.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A96: Load Test T96 
 
 
Pile No.: Atlanta –C1 
Database ID No.: T96 
Original Reference: Thompson (1994) 
 
Table A96.1 Load test information 
Item Value  Comments 
Lithology Granite  
Material constant, mi 25 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  76.77 Pells and Turner (1979) 
Intact qu (MPa) 0.88  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 21.4  
Tip Depth (m) from TOR 3.65  









Table A96.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A96.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A97: Load Test T97 
 
 
Pile No.: Atlanta – C2 
Database ID No.: T97 
Original Reference: Thompson (1994) 
 
Table A97.1 Load test information 
Item Value  Comments 
Lithology Granite  
Material constant, mi 25 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  11.16 Pells and Turner (1979) 
Intact qu (MPa) 0.88  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 16.9  
Tip Depth (m) from TOR   









Table A97.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A97.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













A98: Load Test T98 
 
 
Pile No.: Owensboro 
Database ID No.: T98 
Original Reference: Thompson (1998) 
 
Table A98.1 Load test information 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  289 Pells and Turner (1979) 
Intact qu (MPa) 2.2  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.8  
Tip Depth (m) from GS 33.2  
Tip Depth (m) from TOR 5.8  









Table A98.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A98.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A99: Load Test T99 
 
 
Pile No.: Leake County 
Database ID No.: T99 
Original Reference: Thompson (1994) 
 
Table A99.1 Load test information 
Item Value  Comments 
Lithology Hard clay  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  55.96 Pells and Turner (1979) 
Intact qu (MPa) 0.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.67  
Tip Depth (m) from GS 29  
Tip Depth (m) from TOR 6.4  






Hard clay with sand seams. 
 
 
Table A99.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A99.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 























A100: Load Test T100 
 
 
Pile No.: Mt. Pleasant –Shaft 1 
Database ID No.: T100 
Original Reference: Thompson (1994) 
 
Table A100.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  58.43 Pells and Turner (1979) 
Intact qu (MPa) 0.62  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Compression 
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 45.7  
Tip Depth (m) from TOR 3  









Table A100.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A100.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












Figure A100.1 Load-transfer function (q-z). 
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A101: Load Test T101 
 
 
Pile No.: Mt. Pleasant –Shaft 2 
Database ID No.: T101 
Original Reference: Thompson (1994) 
 
Table A101.1 Load test information 
Item Value  Comments 
Lithology Cooper marl  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  143.37 Pells and Turner (1979) 
Intact qu (MPa) 0.62  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  
Tip Diameter (m) 0.61  
Tip Depth (m) from GS 41.8  
Tip Depth (m) from TOR 6.1  









Table A101.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A101.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A102: Load Test T102 
 
 
Pile No.: St. Croix River 
Database ID No.: T102 
Original Reference: O’Neill and Majano (1996) 
 
Table A102.1 Load test information 
Item Value  Comments 
Lithology Sandstone  
Material constant, mi 15 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  251.66 Pells and Turner (1979) 
Intact qu (MPa) 4.4  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.22  
Tip Depth (m) from GS 53.7  
Tip Depth (m) from TOR 38.2  









Table A102.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A102.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A103: Load Test T103 
 
 
Pile No.: A300 
Database ID No.: T103 
Original Reference: Pellegrino (1974) 
 
Table A103.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  287.5 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A103.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A103.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A104: Load Test T104 
 
 
Pile No.: B300 
Database ID No.: T104 
Original Reference: Pellegrino (1974) 
 
Table A104.1 Load test information 
Item Value  Comments 
Lithology Tuff Soft 
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  72.42 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A104.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A104.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














Figure A104.1 Load-transfer function (q-z). 
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A105: Load Test T105 
 
 
Pile No.: C300 
Database ID No.: T105 
Original Reference: Pellegrino (1974) 
 
Table A105.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  340.6 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A105.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A105.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A106: Load Test T106 
 
 
Pile No.: D300 
Database ID No.: T106 
Original Reference: Pellegrino (1974) 
 
Table A106.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  532.34 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A106.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A106.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














A107: Load Test T107 
 
 
Pile No.: E300 
Database ID No.: T107 
Original Reference: Pellegrino (1974) 
 
Table A107.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1974) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  376.7 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  










Table A107.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A107.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




















A108: Load Test T108 
 
 
Pile No.: T108 
Database ID No.: F300 
Original Reference: Pellegrino (1974) 
 
Table A108.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  274.8 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A108.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A108.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A109: Load Test T109 
 
 
Pile No.: G300 
Database ID No.: T109 
Original Reference: Pellegrino (1974) 
 
Table A109.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  138.2 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A109.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A109.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A110: Load Test T110 
 
 
Pile No.: H300 
Database ID No.: T110 
Original Reference: Pellegrino (1974) 
 
Table A110.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  311 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.3  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A110.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A110.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












A111: Load Test T111 
 
 
Pile No.: A500 
Database ID No.: T111 
Original Reference: Pellegrino (1974) 
 
Table A111.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  345.5 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.5  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A111.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A111.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 











Figure A111.1 Load-transfer function (q-z). 
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A112: Load Test T112 
 
 
Pile No.: C500 
Database ID No.: T112 
Original Reference: Pellegrino (1974) 
 
Table A112.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  436.5 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.5  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A112.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A112.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












A113: Load Test T113 
 
 
Pile No.: D500 
Database ID No.: T113 
Original Reference: Pellegrino (1974) 
 
Table A113.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  693.4 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.5  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A113.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A113.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 









Figure A113.1 Load-transfer function (q-z). 
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A114: Load Test T114 
 
 
Pile No.: E500 
Database ID No.: T114 
Original Reference: Pellegrino (1974) 
 
Table A114.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  207 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.5  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A114.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A114.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A115: Load Test T115 
 
 
Pile No.: F500 
Database ID No.: T115 
Original Reference: Pellegrino (1974) 
 
Table A115.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  110 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.5  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A115.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A115.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














A116: Load Test T116 
 
 
Pile No.: G500 
Database ID No.: T116 
Original Reference: Pellegrino (1974) 
 
Table A116.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  120.1 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.5  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A116.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A116.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A117: Load Test T117 
 
 
Pile No.: H500 
Database ID No.: T117 
Original Reference: Pellegrino (1974) 
 
Table A117.1 Load test information 
Item Value  Comments 
Lithology Tuff  
Material constant, mi 15 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  207 Pells and Turner (1979) 
Intact qu (MPa) 4  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.5  
Tip Depth (m) from GS 0  
Tip Depth (m) from TOR 0  









Table A117.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A117.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A118: Load Test T118 
 
 
Pile No.: San Antonio Test 2 
Database ID No.: T118 
Original Reference: Vijayvergiya et al. (1969) 
 
Table A118.1 Load test information 
Item Value  Comments 
Lithology Clay shale Sandstone seams 
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  108.47 Pells and Turner (1979) 
Intact qu (MPa) 1.76  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Compression 
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 8.23  
Tip Depth (m) from TOR 2.13  






Very hard and well indurated clay shale. 
 
 
Table A118.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A118.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















Figure A118.1 Load-transfer function (q-z). 
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A119: Load Test T119 
 
 
Pile No.: Pile K 
Database ID No.: T119 
Original Reference: Whitaker and Cooke (1966) 
 
Table A119.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  7.8 Pells and Turner (1979) 
Intact qu (MPa) 0.4  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.8  
Tip Depth (m) from GS 15.2  
Tip Depth (m) from TOR 15.2  









Table A119.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A119.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A120: Load Test T120 
 
 
Pile No.: Pile N 
Database ID No.: T120 
Original Reference: Whitaker and Cooke (1966) 
 
Table A120.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  36.45 Pells and Turner (1979) 
Intact qu (MPa) 0.4  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  Top down compression 
Tip Diameter (m) 0.93  
Tip Depth (m) from GS 15.2  
Tip Depth (m) from TOR 15.2  









Table A120.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A120.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














Figure A120.1 Load-transfer function (q-z). 
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A121: Load Test T121 
 
 
Pile No.: Pile A 
Database ID No.: T121 
Original Reference: Whitaker and Cooke (1966) 
 
Table A121.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  8.9 Pells and Turner (1979) 
Intact qu (MPa) 0.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.67  
Tip Depth (m) from GS 12.2  
Tip Depth (m) from TOR 11  









Table A121.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A121.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A122: Load Test T122 
 
 
Pile No.: Pile F 
Database ID No.: T122 
Original Reference: Whitaker and Cooke (1966) 
 
Table A122.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  17.25 Pells and Turner (1979) 
Intact qu (MPa) 0.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional  Top down compression 
Tip Diameter (m) 1.2  
Tip Depth (m) from GS 12.2  
Tip Depth (m) from TOR 11.1  









Table A122.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A122.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A123: Load Test T123 
 
 
Pile No.: Pile M 
Database ID No.: T123 
Original Reference: Whitaker and Cooke (1966) 
 
Table A123.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  37.65 Pells and Turner (1979) 
Intact qu (MPa) 0.36  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.67  
Tip Depth (m) from GS 16  
Tip Depth (m) from TOR 14.6  









Table A123.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A123.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A124: Load Test T124 
 
 
Pile No.: Pile L 
Database ID No.: T124 
Original Reference: Whitaker and Cooke (1966) 
 
Table A124.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  36.76 Pells and Turner (1979) 
Intact qu (MPa) 0.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.67  
Tip Depth (m) from GS 9.5  
Tip Depth (m) from TOR 8.2  









Table A124.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A124.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 
















A125: Load Test T125 
 
 
Pile No.: Pile H 
Database ID No.: T125 
Original Reference: Whitaker and Cooke (1966) 
 
Table A125.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  29.7 Pells and Turner (1979) 
Intact qu (MPa) 0.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.77  
Tip Depth (m) from GS 12.2  
Tip Depth (m) from TOR 12.2  









Table A125.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A125.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A126: Load Test T126 
 
 
Pile No.: Pile P 
Database ID No.: T126 
Original Reference: Whitaker and Cooke (1966) 
 
Table A126.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  36.9 Pells and Turner (1979) 
Intact qu (MPa) 0.38  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.85  
Tip Depth (m) from GS 16.25  
Tip Depth (m) from TOR 14.5  









Table A126.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A126.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A127: Load Test T127 
 
 
Pile No.: Pile G 
Database ID No.: T127 
Original Reference: Whitaker and Cooke (1966) 
 
Table A127.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  28 Pells and Turner (1979) 
Intact qu (MPa) 0.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.77  
Tip Depth (m) from GS 9.4  
Tip Depth (m) from TOR 9.4  









Table A127.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A127.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A128: Load Test T128 
 
 
Pile No.: Pile D 
Database ID No.: T128 
Original Reference: Whitaker and Cooke (1966) 
 
Table A128.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  13.74 Pells and Turner (1979) 
Intact qu (MPa) 0.28  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.635  
Tip Depth (m) from GS 9.3  
Tip Depth (m) from TOR 9.3  








Table A128.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A128.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A129: Load Test T129 
 
 
Pile No.: Pile O 
Database ID No.: T129 
Original Reference: Whitaker and Cooke (1966) 
 
Table A129.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  95.79 Pells and Turner (1979) 
Intact qu (MPa) 0.31  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.82  
Tip Depth (m) from GS 12.7  
Tip Depth (m) from TOR 11.3  









Table A129.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A129.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A130: Load Test T130 
 
 
Pile No.: Pile E 
Database ID No.: T130 
Original Reference: Whitaker and Cooke (1966) 
 
Table A130.1 Load test information 
Item Value  Comments 
Lithology Stiff clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  57.37 Pells and Turner (1979) 
Intact qu (MPa) 0.29  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.2  
Tip Depth (m) from GS 9.2  
Tip Depth (m) from TOR 8.1  









Table A130.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A130.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A131: Load Test T131 
 
 
Pile No.: Shaft 2 
Database ID No.: T131 
Original Reference: O’Neill et al. (1992) 
 
Table A131.1 Load test information 
Item Value Comments 
Lithology Stiff sandy clay  
Material constant, mi 4 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  22.6 Pells and Turner (1979) 
Intact qu (MPa) 0.277  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.76  
Tip Depth (m) from GS 24.14  
Tip Depth (m) from TOR 2.46  






Very stiff sandy clay. 
 
 
Table A131.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A131.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 














A132: Load Test T132 
 
 
Pile No.: Borehole 6 (Cambridge) – 19ft. 
Database ID No.: T132 
Original Reference: Butler and Lord (1969) 
 
Table A132.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  22.89 Pells and Turner (1979) 
Intact qu (MPa) 0.04  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 5.8  
Tip Depth (m) from TOR 5.8  









Table A132.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A132.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A133: Load Test T133 
 
 
Pile No.: Borehole 14 (Cambridge) – 38.5ft. 
Database ID No.: T133 
Original Reference: Butler and Lord (1969) 
 
Table A133.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  18.85 Pells and Turner (1979) 
Intact qu (MPa) 0.03  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 11.73  
Tip Depth (m) from TOR 11.73  









Table A133.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A133.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















T134: Load Test T134 
 
 
Pile No.: Borehole 16 (Cambridge) – 7ft. 
Database ID No.: T134 
Original Reference: Butler and Lord (1969) 
 
Table A134.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  59.9 Pells and Turner (1979) 
Intact qu (MPa) 0.21  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 2.13  
Tip Depth (m) from TOR 2.13  









Table A134.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A134.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A135: Load Test T135 
 
 
Pile No.: Borehole 16 (Cambridge) – 12ft. 
Database ID No.: T135 
Original Reference: Butler and Lord (1969) 
 
Table A135.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  8.1 Pells and Turner (1979) 
Intact qu (MPa) 0.01  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 3.66  
Tip Depth (m) from TOR 3.66  









Table A135.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A135.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A136: Load Test T136 
 
 
Pile No.: Borehole 16 (Cambridge) – 17ft. 
Database ID No.: T136 
Original Reference: Butler and Lord (1969) 
 
Table A136.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  20.98 Pells and Turner (1979) 
Intact qu (MPa) 0.037  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 5.18  
Tip Depth (m) from TOR 5.18  









Table A136.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A136.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A137: Load Test T137 
 
 
Pile No.: Borehole K5 (Norwich) – 18ft. 
Database ID No.: T137 
Original Reference: Butler and Lord (1969) 
 
Table A137.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  60 Pells and Turner (1979) 
Intact qu (MPa) 0.21  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 5.48  
Tip Depth (m) from TOR 5.48  









Table A137.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A137.3 Load-transfer function (q-z) 
 
 
Tip Local Displacement 
(mm) 



















A138: Load Test T138 
 
 
Pile No.: Borehole K5 (Norwich) – 25ft. 
Database ID No.: T138 
Original Reference: Butler and Lord (1969) 
 
Table A138.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  13.85 Pells and Turner (1979) 
Intact qu (MPa) 0.018  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 7.62  
Tip Depth (m) from TOR 7.62  









Table A138.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A138.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A139: Load Test T139 
 
 
Pile No.: Borehole K5 (Norwich) – 30ft. 
Database ID No.: T139 
Original Reference: Butler and Lord (1969) 
 
Table A139.1 Load test information 
Item Value  Comments 
Lithology Chalk Hoek et al. (1995) 
Material constant, mi 7  
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  38.4 Pells and Turner (1979) 
Intact qu (MPa) 0.1  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 9.1  
Tip Depth (m) from TOR 9.1  









Table A139.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A139.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A140: Load Test T140 
 
 
Pile No.: Borehole K5 (Norwich) – 35ft. 
Database ID No.: T140 
Original Reference: Butler and Lord (1969) 
 
Table A140.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  26.28 Pells and Turner (1979) 
Intact qu (MPa) 0.05  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 10.67  
Tip Depth (m) from TOR 10.67  









Table A140.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A140.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 





















A141: Load Test T141 
 
 
Pile No.: Borehole K5 (Norwich) – 40ft. 
Database ID No.: T141 
Original Reference: Butler and Lord (1969) 
 
Table A141.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  25.25 Pells and Turner (1979) 
Intact qu (MPa) 0.05  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 12.19  
Tip Depth (m) from TOR 12.19  









Table A141.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A141.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




















A142: Load Test T142 
 
 
Pile No.: Borehole M7 (Norwich) – 7ft. 
Database ID No.: T142 
Original Reference: Butler and Lord (1969) 
 
Table A142.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  16.5 Pells and Turner (1979) 
Intact qu (MPa) 0.025  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 2.13  
Tip Depth (m) from TOR 2.13  









Table A142.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A142.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A143: Load Test T143 
 
 
Pile No.: Borehole M7 (Norwich) – 12ft. 
Database ID No.: T143 
Original Reference: Butler and Lord (1969) 
 
Table A143.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  42 Pells and Turner (1979) 
Intact qu (MPa) 0.11  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 3.65  
Tip Depth (m) from TOR 3.65  









Table A143.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A143.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A144: Load Test T144 
 
 
Pile No.: Borehole M7 (Norwich) – 17ft. 
Database ID No.: T144 
Original Reference: Butler and Lord (1969) 
 
Table A144.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  15.92 Pells and Turner (1979) 
Intact qu (MPa) 0.023  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 5.18  
Tip Depth (m) from TOR 5.18  









Table A144.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A144.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A145: Load Test T145 
 
 
Pile No.: Borehole M7 (Norwich) – 22ft. 
Database ID No.: T145 
Original Reference: Butler and Lord (1969) 
 
Table A145.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  23.15 Pells and Turner (1979) 
Intact qu (MPa) 0.044  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 6.7  
Tip Depth (m) from TOR 6.7  









Table A145.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A145.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A146: Load Test T146 
 
 
Pile No.: Borehole M7 (Norwich) – 34ft. 
Database ID No.: T146 
Original Reference: Butler and Lord (1969) 
 
Table A146.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  19.45 Pells and Turner (1979) 
Intact qu (MPa) 0.033  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.139  
Tip Depth (m) from GS 10.36  
Tip Depth (m) from TOR 10.36  









Table A146.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A146.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




















A147: Load Test T147 
 
 
Pile No.: Borehole 10 -6ft. 
Database ID No.: T147 
Original Reference: Tomlinson (1965) 
 
Table A147.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  4.56 Pells and Turner (1979) 
Intact qu (MPa) 0.044  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 1.8  
Tip Depth (m) from TOR 1.8  









Table A147.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A147.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 



















A148: Load Test T148 
 
 
Pile No.: Borehole 10 -11ft. 
Database ID No.: T148 
Original Reference: Tomlinson (1965) 
 
Table A148.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  15.16 Pells and Turner (1979) 
Intact qu (MPa) 0.044  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 3.35  
Tip Depth (m) from TOR 3.35  









Table A148.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A148.3 Load-transfer function (q-z) 
 
 
Tip Local Displacement 
(mm) 



















A149: Load Test T149 
 
 
Pile No.: Borehole 10 -16ft. 
Database ID No.: T149 
Original Reference: Tomlinson (1965) 
 
Table A149.1 Load test information 
 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  4.31 Pells and Turner (1979) 
Intact qu (MPa) 0.044  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 4.87  
Tip Depth (m) from TOR 4.87  









Table A149.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A149.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A150: Load Test T150 
 
 
Pile No.: Borehole 17 -5ft. 
Database ID No.: T150 
Original Reference: Tomlinson (1965) 
 
Table A150.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  15.2 Pells and Turner (1979) 
Intact qu (MPa) 0.044  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 1.52  
Tip Depth (m) from TOR 1.52  









Table A150.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A150.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A151: Load Test T151 
 
 
Pile No.: Borehole 17 -10ft. 
Database ID No.: T151 
Original Reference: Tomlinson (1965) 
 
Table A151.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  20.38 Pells and Turner (1979) 
Intact qu (MPa) 0.044  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 3.04  
Tip Depth (m) from TOR 3.04  









Table A151.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A151.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 

















A152: Load Test T152 
 
 
Pile No.: Borehole 17 -15ft. 
Database ID No.: T152 
Original Reference: Tomlinson (1965) 
 
Table A152.1 Load test information 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  8.9 Pells and Turner (1979) 
Intact qu (MPa) 0.044  
Poisson’s Ratio 0.3 Estimated 
Load test method Plate load test  
Tip Diameter (m) 0.142  
Tip Depth (m) from GS 4.57  
Tip Depth (m) from TOR 4.57  










Table A152.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A152.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A153: Load Test T153 
 
 
Pile No.: Pile 1 
Database ID No.: T153 
Original Reference: Leung (1996) 
 
Table A153.1 Load test information 
 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  1272 Pells and Turner (1979) 
Intact qu (MPa) 6.5  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.4  
Tip Depth (m) from GS 16  
Tip Depth (m) from TOR 6  









Table A153.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A153.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













A154: Load Test T154 
 
 
Pile No.: Pile 2 
Database ID No.: T154 
Original Reference: Leung (1996) 
 
Table A154.1 Load test information 
 
Item Value  Comments 
Lithology Granite  
Material constant, mi 33 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  764.5 Pells and Turner (1979) 
Intact qu (MPa) 12.5  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1  
Tip Depth (m) from GS 30  
Tip Depth (m) from TOR 1  









Table A154.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A154.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












A155: Load Test T155 
 
 
Pile No.: Pile TP1 
Database ID No.: T155 
Original Reference: Radhakrishnan and Leung (1989) 
 
Table A155.1 Load test information 
 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  57.81 Pells and Turner (1979) 
Intact qu (MPa) 6  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.81  
Tip Depth (m) from GS 12.4  
Tip Depth (m) from TOR 11.4  






Hard highly fractured siltstone. 
 
 
Table A155.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A155.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












A156: Load Test T156 
 
 
Pile No.: Pile 430 
Database ID No.: T156 
Original Reference: Radhakrishnan and Leung (1989) 
 
Table A156.1 Load test information 
 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  39.35 Pells and Turner (1979) 
Intact qu (MPa) 9  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 0.705  
Tip Depth (m) from GS 6.7  
Tip Depth (m) from TOR 1.6  






Weathered and fragmented siltstone. 
 
 
Table A156.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A156.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 











A157: Load Test T157 
 
 
Pile No.: Pile 67 
Database ID No.: T157 
Original Reference: Radhakrishnan and Leung (1989) 
 
Table A157.1 Load test information 
Item Value  Comments 
Lithology Siltstone  
Material constant, mi 9  
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  477.57 Pells and Turner (1979) 
Intact qu (MPa) 7  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.35  
Tip Depth (m) from GS 14  
Tip Depth (m) from TOR 6.6  









Table A157.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A157.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












A158: Load Test T158 
 
 
Pile No.: Pile 317 
Database ID No.: T158 
Original Reference: Radhakrishnan and Leung (1989) 
 
Table A158.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  104.39 Pells and Turner (1979) 
Intact qu (MPa) 9  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.5  
Tip Depth (m) from GS 11.5  
Tip Depth (m) from TOR 4  









Table A158.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A158.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 












A159: Load Test T159 
 
 
Pile No.: Pile H4 
Database ID No.: T159 
Original Reference: Koutsoftas and Reese (1989) 
 
Table A159.1 Load test information 
 
Item Value  Comments 
Lithology Mica schist  
Material constant, mi 10 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  277.23 Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 2.286  
Tip Depth (m) from GS 17.8  
Tip Depth (m) from TOR   









Table A159.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A159.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 


















A160: Load Test T160 
 
 
Pile No.: Pile E4 
Database ID No.: T160 
Original Reference: Koutsoftas and Reese (1989) 
 
Table A160.1 Load test information 
 
Item Value  Comments 
Lithology Mica schist  
Material constant, mi 10 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  343.66 Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 2.337  
Tip Depth (m) from GS 17.98  
Tip Depth (m) from TOR   









Table A160.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A160.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A161: Load Test T161 
 
 
Pile No.: Pile No.1 
Database ID No.: T161 
Original Reference: Koutsoftas and Reese (1989) 
 
Table A161.1 Load test information 
 
Item Value  Comments 
Lithology Granite  
Material constant, mi 33 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  2807.18 Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 2.5  
Tip Depth (m) from GS 20  
Tip Depth (m) from TOR 3.5  









Table A161.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A161.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 















A162: Load Test T162 
 
 
Pile No.: Pile No. 2 
Database ID No.: T162 
Original Reference: Koutsoftas and Reese (1989) 
 
Table A162.1 Load test information 
 
Item Value  Comments 
Lithology Granite  
Material constant, mi 33 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  1924.9 Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 2.5  
Tip Depth (m) from GS 20  
Tip Depth (m) from TOR 3.5  









Table A162.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A162.3 Load-transfer function (q-z) 
 
 
Tip Local Displacement 
(mm) 
















A163: Load Test T163 
 
 
Pile No.: L34 
Database ID No.: T163 
Original Reference: Tan et al. (1994) 
 
Table A163.1 Load test information 
 
Item Value  Comments 
Lithology Siltstone/mudstone  
Material constant, mi 9 Hoek et al. (1995) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed   Pells and Turner (1979) 
Intact qu (MPa)   
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.8  
Tip Depth (m) from GS 25  
Tip Depth (m) from TOR 2  









Table A163.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A163.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 













A164: Load Test T164 
 
 
Pile No.: Kentucky 
Database ID No.: T164 
Original Reference: Osterberg (2001) 
 
Table A164.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  243.56 Pells and Turner (1979) 
Intact qu (MPa) 3  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 1.8  
Tip Depth (m) from GS 25  
Tip Depth (m) from TOR 5.8  









Table A164.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A164.3 Load-transfer function (q-z) 
 
 
Tip Local Displacement 
(mm) 




























A165: Load Test T165 
 
 
Pile No.: Bored pile 
Database ID No.: T165 
Original Reference: Mallard and Ballantyne (1976) 
 
Table A165.1 Load test information 
 
Item Value  Comments 
Lithology Chalk  
Material constant, mi 7 Hoek et al. (1995) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  84.21 Pells and Turner (1979) 
Intact qu (MPa) 1  
Poisson’s Ratio 0.3 Estimated 
Load test method Conventional Top down compression 
Tip Diameter (m) 1.145  
Tip Depth (m) from GS 27.2  
Tip Depth (m) from TOR 8.48  






Chalk (upper chalk of the Micraster Coranguinum zone) 
 
 
Table A165.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A165.3 Load-transfer function (q-z) 
 
Tip Local Displacement 
(mm) 




















A166: Load Test T166 
 
 
Pile No.: F1 
Database ID No.: T166 
Original Reference: Vu (2013) 
 
Table A166.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  392.42 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.96  
Tip Depth (m) from GS 5.4  
Tip Depth (m) from TOR 5.4  









Table A166.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A166.3 Load-transfer function (q-z) 
 














A167: Load Test T167 
 
 
Pile No.: F2 
Database ID No.: T167 
Original Reference: Vu (2013) 
 
Table A167.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  4819.3 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.98  
Tip Depth (m) from GS 6.25  
Tip Depth (m) from TOR 6.25  









Table A167.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A167.3 Load-transfer function (q-z) 
 















A168: Load Test T168 
 
 
Pile No.: F3 
Database ID No.: T168 
Original Reference: Vu (2013) 
 
Table A168.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  969.27 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.6  
Tip Depth (m) from GS 7  
Tip Depth (m) from TOR 7  









Table A168.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A168.3 Load-transfer function (q-z) 
 













A169: Load Test T169 
 
 
Pile No.: F4 
Database ID No.: T169 
Original Reference: Vu (2013) 
 
Table A169.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  720 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1  
Tip Depth (m) from GS 7.3  
Tip Depth (m) from TOR 7.3  









Table A169.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A169.3 Load-transfer function (q-z) 
 
















A170: Load Test T170 
 
 
Pile No.: F5 
Database ID No.: T170 
Original Reference: Vu (2013) 
 
Table A170.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  1733.76 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.55  
Tip Depth (m) from GS 9.66  
Tip Depth (m) from TOR 9.66  









Table A170.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A170.3 Load-transfer function (q-z) 
 















A171: Load Test T171 
 
 
Pile No.: F6 
Database ID No.: T171 
Original Reference: V (2013) 
 
Table A171.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  568.96 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1  
Tip Depth (m) from GS 7.65  
Tip Depth (m) from TOR 7.65  










Table A171.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A171.3 Load-transfer function (q-z) 
 



















A172: Load Test T172 
 
 
Pile No.: F7 
Database ID No.: T172 
Original Reference: Vu (2013) 
 
Table A172.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  277.84 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1  
Tip Depth (m) from GS 9.9  
Tip Depth (m) from TOR 9.9  









Table A172.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A172.3 Load-transfer function (q-z) 
 

















A173: Load Test T173 
 
 
Pile No.: F8 
Database ID No.: T173 
Original Reference: Vu (2013) 
 
Table A173.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  1151.43 Pells and Turner (1979) 
Intact qu (MPa) 3.17  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1  
Tip Depth (m) from GS 6.6  
Tip Depth (m) from TOR 6.6  









Table A173.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A173.3 Load-transfer function (q-z) 
 
 














A174: Load Test T174 
 
 
Pile No.: F9 
Database ID No.: T174 
Original Reference: Vu (2013) 
 
Table A174.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  431.27 Pells and Turner (1979) 
Intact qu (MPa) 1.67  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.6  
Tip Depth (m) from GS 5.2  
Tip Depth (m) from TOR 5.2  









Table A174.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A174.3 Load-transfer function (q-z) 
 
 














A175: Load Test T175 
 
 
Pile No.: F10 
Database ID No.: T175 
Original Reference: Vu (2013) 
 
Table A175.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  233.79 Pells and Turner (1979) 
Intact qu (MPa) 1.67  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1.5  
Tip Depth (m) from GS 5.7  
Tip Depth (m) from TOR 5.7  









Table A175.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A175.3 Load-transfer function (q-z) 
 















A176: Load Test T176 
 
 
Pile No.: W1 
Database ID No.: T176 
Original Reference: Vu (2013) 
 
Table A176.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  187.75 Pells and Turner (1979) 
Intact qu (MPa) 0.25  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 0.93  
Tip Depth (m) from GS 9  
Tip Depth (m) from TOR 5.8  









Table A176.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A176.3 Load-transfer function (q-z) 
 













A177: Load Test T177 
 
 
Pile No.: W2 
Database ID No.: T177 
Original Reference: Vu (2013) 
 
Table A177.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  271.49 Pells and Turner (1979) 
Intact qu (MPa) 0.25  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.94  
Tip Depth (m) from GS 9.2  
Tip Depth (m) from TOR 5  









Table A177.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A177.3 Load-transfer function (q-z) 
 


















A178: Load Test T178 
 
 
Pile No.: W3 
Database ID No.: T178 
Original Reference: Vu (2013) 
 
Table A178.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  331.78 Pells and Turner (1979) 
Intact qu (MPa) 3.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.9  
Tip Depth (m) from GS 13.7  
Tip Depth (m) from TOR 9.6  









Table A178.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A178.3 Load-transfer function (q-z) 
 















A179: Load Test T179 
 
 
Pile No.: W4 
Database ID No.: T179 
Original Reference: Vu (2013) 
 
Table A179.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  315.21 Pells and Turner (1979) 
Intact qu (MPa) 3.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.95  
Tip Depth (m) from GS 14.3  
Tip Depth (m) from TOR 10.5  









Table A179.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A179.3 Load-transfer function (q-z) 
 

















A180: Load Test T180 
 
 
Pile No.: W5 
Database ID No.: T180 
Original Reference: Vu (2013) 
 
Table A180.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  267.74 Pells and Turner (1979) 
Intact qu (MPa) 0.74  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.92  
Tip Depth (m) from GS 7  
Tip Depth (m) from TOR 4.4  









Table A180.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A180.3 Load-transfer function (q-z) 
 
















A181: Load Test T181 
 
 
Pile No.: W6 
Database ID No.: T181 
Original Reference: Vu (2013) 
 
Table A181.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  368.22 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.96  
Tip Depth (m) from GS 9.3  
Tip Depth (m) from TOR 4.8  









Table A181.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A181.3 Load-transfer function (q-z) 
 















A182: Load Test T182 
 
 
Pile No.: W7 
Database ID No.: T182 
Original Reference: Vu (2013) 
 
Table A182.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  344.37 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 0.91  
Tip Depth (m) from GS 9.6  
Tip Depth (m) from TOR 5.5  









Table A182.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A182.3 Load-transfer function (q-z) 
 















A183: Load Test T183 
 
 
Pile No.: W8 
Database ID No.: T183 
Original Reference: Vu (2013) 
 
Table A183.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  906.8 Pells and Turner (1979) 
Intact qu (MPa) 3.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 1  
Tip Depth (m) from GS 14  
Tip Depth (m) from TOR 10.1  









Table A183.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A183.3 Load-transfer function (q-z) 
 

















A184: Load Test T184 
 
 
Pile No.: W9 
Database ID No.: T184 
Original Reference: Vu (2013) 
 
Table A184.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) W-H  
Em (MPa) Back Analyzed  55.75 Pells and Turner (1979) 
Intact qu (MPa) 3.6  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.93  
Tip Depth (m) from GS 14  
Tip Depth (m) from TOR 10.2  









Table A184.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A184.3 Load-transfer function (q-z) 
 













A185: Load Test T185 
 
 
Pile No.: W10 
Database ID No.: T185 
Original Reference: Vu (2013) 
 
Table A185.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  1101.8 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 1  
Tip Depth (m) from GS 10.5  
Tip Depth (m) from TOR 6.4  









Table A185.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A185.3 Load-transfer function (q-z) 
 














A186: Load Test T186 
 
 
Pile No.: W11 
Database ID No.: T186 
Original Reference: Vu (2013) 
 
Table A186.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H)   
Em (MPa) Back Analyzed  47.49 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 0.97  
Tip Depth (m) from GS 10.6  
Tip Depth (m) from TOR 6.6  









Table A186.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A186.3 Load-transfer function (q-z) 
 













A187: Load Test T187 
 
 
Pile No.: W12 
Database ID No.: T187 
Original Reference: Vu (2013) 
 
Table A187.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  533.53 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 0.96  
Tip Depth (m) from GS 9.4  
Tip Depth (m) from TOR 5.9  









Table A187.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A187.3 Load-transfer function (q-z) 
 















A188: Load Test T188 
 
 
Pile No.: W13 
Database ID No.: T188 
Original Reference: Vu (2013) 
 
Table A188.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  497.77 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.93  
Tip Depth (m) from GS 9.17  
Tip Depth (m) from TOR 5.8  









Table A188.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A188.3 Load-transfer function (q-z) 
 













A189: Load Test T189 
 
 
Pile No.: W14 
Database ID No.: T189 
Original Reference: Vu (2013) 
 
Table A189.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  1907.46 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test  
Tip Diameter (m) 0.91  
Tip Depth (m) from GS 9.36  
Tip Depth (m) from TOR 4.85  









Table A189.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A189.3 Load-transfer function (q-z) 
 













A190: Load Test T190 
 
 
Pile No.: W15 
Database ID No.: T190 
Original Reference: Vu (2013) 
 
Table A190.1 Load test information 
 
Item Value  Comments 
Lithology Shale  
Material constant, mi 10 Hoek (1990) 
q-z shape (Y or W-H) Y  
Em (MPa) Back Analyzed  2311.57 Pells and Turner (1979) 
Intact qu (MPa) 0.26  
Poisson’s Ratio 0.3 Estimated 
Load test method Osterberg test Compression 
Tip Diameter (m) 0.95  
Tip Depth (m) from GS 9.4  
Tip Depth (m) from TOR 4.66  









Table A190.2 Rock properties 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table A190.3 Load-transfer function (q-z) 
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SIDE RESISTANCE CASE HISTORIES 
 
 







B1: Load Test SR1 
 
 
Pile No.: S1 
Database ID No.: SR1 
Original Reference: Williams (1980) 
 
Table B1.1 Load test results 
Item Value  Comments 
Load test type Compression from top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.66  
Shear length, l (m) 1.52  
Depth (m), LGS 1.76  
Depth (m) LTOR 1.76  
Head (m) concrete 1.76  
qu (MPa) intact 0.83  
qu (MPa) mass   
α (Ultimate OR Max) 0.67  
Measured roughness (mm) 6.9  
Mobilized roughness (mm)   
fs (MPa) max 0.558  
z (mm) max 5.9  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.174 Based on slope of the tangent 






Table B1.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.25  
q1 (MPa) 0.228  
L2 (mm) 4.8  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.93  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0045 May be used for calculation of 







Item Value  Comments 
Socket construction method Dry excavation  
Casing N/A Tip depth from GS (m) =  
Drill bit type 3 flight auger  
Slurry N/A  
Concrete placement method Pumping  
Concrete slump (mm) 150  
f’c (MPa) 42  
Concrete modulus, Ec (GPa) 34.5  








Pink highly weathered siltstone 
Anderson Creek formation 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
Clay seams are common 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B1.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B2: Load Test SR2 
 
 
Pile No.: S3 
Database ID No.: SR2 
Original Reference: Williams (1980) 
 
Table B2.1 Load test results 
Item Value  Comments 
Load test type Compression from the top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.12  
Shear length, l (m) 2.51  
Depth (m), LGS 2.3  
Depth (m) LTOR 2.3  
Head (m) concrete 2.3  
qu (MPa) intact 0.55  
qu (MPa) mass   
α (Ultimate OR Max) 1.01  
Measured roughness (mm) 18 or 7 Two profiles were measured 
Mobilized roughness (mm)   
fs (MPa) max   
δ (mm) max   
fs (MPa) peak 0.559  
z (mm) peak 58.8  
fs (MPa) ultimate 0.532  
z (mm) ultimate 93.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.21 Based on slope of the tangent 






Table B2.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.7  
q1 (MPa) 0.245  
L2 (mm) 12.3  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0036 May be used for calculation of 







Item Value  Comments 
Socket construction method Dry excavation Void at the base 
Casing N/A Tip depth from GS (m) =  
Drill bit type 3 flight auger Roughened 
Slurry N/A  
Concrete placement method Pumping  
Concrete slump (mm) 150  
f’c (MPa) 42  
Concrete modulus, Ec (GPa) 34.5  








Pink highly weathered siltstone 
Anderson Creek formation 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
Clay seams are common 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B2.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















Figure B2.1 Load-transfer function (t-z) 
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B3: Load Test SR3 
 
 
Pile No.: S5 
Database ID No.: SR3 
Original Reference: Williams (1980) 
 
Table B3.1 Load test results 
Item Value  Comments 
Load test type Compression from top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.17  
Shear length, l (m) 2.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 2.25  
qu (MPa) intact 0.59  
qu (MPa) mass   
α (Ultimate OR Max) 0.83  
Measured roughness (mm) 4.9  
Mobilized roughness (mm)   
fs (MPa) max   
δ (mm) max   
fs (MPa) peak 0.492  
z (mm) peak 9  
fs (MPa) ultimate 0.505  
z (mm) ultimate 16.5  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.164 Based on slope of the tangent 






Table B3.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.49  
q1 (MPa) 0.251  
L2 (mm) 8.89  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.004 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry 10 to 15 mm smeared material 
observed and removed 
Casing N/A Tip depth from GS (m) =  
Drill bit type 3 flight auger  
Slurry N/A  
Concrete placement method Pumping  
Concrete slump (mm) 150  
f’c (MPa) 42  
Concrete modulus, Ec (GPa) 34.5  








Pink highly weathered siltstone 
Anderson Creek formation 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
Clay seams are common 
 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B3.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 























B4: Load Test SR4 
 
 
Pile No.: S12 
Database ID No.: SR4 
Original Reference: Williams (1980) 
 
Table B4.1 Load test results 
Item Value  Comments 
Load test type Compression at the top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.335  
Shear length, l (m) 0.9  
Depth (m), LGS 0.55  
Depth (m) LTOR 0.55  
Head (m) concrete 0.45  
qu (MPa) intact 0.58  
qu (MPa) mass   
α (Ultimate OR Max) 0.71  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
δ (mm) max   
fs (MPa) peak 0.411  
z (mm) peak 8  
fs (MPa) ultimate 0.274  
z (mm) ultimate 121.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.115 Based on slope of the tangent 






Table B4.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.5  
q1 (MPa) 0.369  
L2 (mm) 7.87  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0044 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Casing barrel  
Slurry N/A  
Concrete placement method Pumping Assumed based on adjacent 
test shafts 
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








Pink highly weathered siltstone 
Anderson Creek formation 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
Clay seams are common 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B4.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 











(followed by unloading)   
 
 




B5: Load Test SR5 
 
 
Pile No.: S14 
Database ID No.: SR5 
Original Reference: Williams (1980) 
 
Table B5.1 Load test results 
Item Value  Comments 
Load test type Compression at the top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.395  
Shear length, l (m) 0.87  
Depth (m), LGS 0.535  
Depth (m) LTOR 0.535  
Head (m) concrete 0.435  
qu (MPa) intact 0.58  
qu (MPa) mass   
α (Ultimate OR Max) 0.79  
Measured roughness (mm) 10  
Mobilized roughness (mm)   
fs (MPa) max   
δ (mm) max   
fs (MPa) peak 0.463  
z (mm) peak 8.1  
fs (MPa) ultimate 0.351  
z (mm) ultimate 42.4  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.084 Based on slope of the tangent 






Table B5.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 5  
q1 (MPa) 0.416  
L2 (mm) 8.1  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.28  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0113 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Casing barrel  
Slurry N/A  
Concrete placement method Pumping  
Concrete slump (mm) 150  
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 









Pink highly weathered siltstone 
Anderson Creek formation 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
Clay seams are common 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B5.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B6: Load Test SR6 
 
 
Pile No.: S15 
Database ID No.: SR6 
Original Reference: Williams (1980) 
 
Table B6.1 Load test results 
Item Value  Comments 
Load test type Compression from top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.395  
Shear length, l (m) 0.87  
Depth (m), LGS 0.535  
Depth (m) LTOR 0.535  
Head (m) concrete 0.435  
qu (MPa) intact 0.58  
qu (MPa) mass   
α (Ultimate OR Max) 0.638  
Measured roughness (mm) 10 Grooves 
Mobilized roughness (mm)   
fs (MPa) max   
δ (mm) max   
fs (MPa) peak 0.37  
z (mm) peak 11.2  
fs (MPa) ultimate 0.185  
z (mm) ultimate 109.6  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.092 Based on slope of the tangent 






Table B6.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.69  
q1 (MPa) 0.185  
L2 (mm) 7.69  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0077 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Void at the base 
Casing N/A Tip depth from GS (m) =  
Drill bit type Casing barrel Roughened, grooves 10 mm 
deep 
Slurry  N/A 
Concrete placement method Pumping  
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 









Pink highly weathered siltstone 
Anderson Creek formation 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
Clay seams are common 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B6.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




















B7: Load Test SR7 
 
 
Pile No.: S16 
Database ID No.: SR7 
Original Reference: Williams (1980) 
 
Table B7.1 Load test results 
Item Value  Comments 
Load test type Compression from top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.395  
Shear length, l (m) 0.885  
Depth (m), LGS 0.543  
Depth (m) LTOR 0.543  
Head (m) concrete 0.443  
qu (MPa) intact 0.58  
qu (MPa) mass   
α (Ultimate OR Max) 0.62  
Measured roughness (mm) 10  
Mobilized roughness (mm)   
fs (MPa) max 0.364  
δ (mm) max 5.8  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.151 Based on slope of the tangent 






Table B7.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.299  
q1 (MPa) 0.045  
L2 (mm) 2.79  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.88  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.008 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Casing barrel  
Slurry N/A  
Concrete placement method Pumping Assumed based on adjacent 
test shafts 
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








Pink highly weathered siltstone 
Anderson Creek formation 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
Clay seams are common 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B7.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B8: Load Test SR8 
 
 
Pile No.: M1 
Database ID No.: SR8 
Original Reference: Williams (1980) 
 
Table B8.1 Load test results 
Item Value  Comments 
Load test type Compression at the top  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.22  
Shear length, l (m) 2  
Depth (m), LGS 12.5  
Depth (m) LTOR 12.5  
Head (m) concrete 1  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.23  
Measured roughness (mm) 7.5 to 9.6  
Mobilized roughness (mm)   
fs (MPa) max   
δ (mm) max   
fs (MPa) peak 0.592  
z (mm) peak 32.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.208 Based on slope of the tangent 






Table B8.1 Cont. Load test results 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.198  
q1 (MPa) 0.208  
L2 (mm) 14.47  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0039 May be used for calculation of 







Item Value  Comments 
Socket construction method Socket  
Casing Excavated dry Tip depth from GS (m) =  
Drill bit type Bucket auger  
Slurry Bentonite Unit weight = 1.05 - 1.15 
gm/cm 
Viscosity = 34 – 42 in marsh 
funnel 
Time to removal = 12 hours 
Concrete placement method Pumping Assumed based on adjacent 
test shafts 
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








Pink highly weathered siltstone 
3 orthogonal joint sets with one set parallel to bedding 
Most joints tight and clean 
Joints planar and undulating 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B8.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















B9: Load Test SR9 
 
 
Pile No.: M2 
Database ID No.: SR9 
Original Reference: Williams (1980) 
 
Table B9.1 Load test results 
Item Value  Comments 
Load test type Compression, bottom loaded  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.3  
Shear length, l (m) 2  
Depth (m), LGS 12.5  
Depth (m) LTOR 12.5  
Head (m) concrete 1  
qu (MPa) intact 2.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.27  
Measured roughness (mm) 19.3  
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.624  
z (mm) peak 21.7  
fs (MPa) ultimate 0.636  
z (mm) ultimate 41.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.14 Based on slope of the tangent 






Table B9.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.18  
q1 (MPa) 0.319  
L2 (mm) 21.69  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0044 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Bucket auger Roughened 
Slurry N/A  
Concrete placement method By pump  
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








3 orthogonal joint sets with one set parallel to bedding 
Moderately to highly weathered siltstone 
Joints planar and undulating 
With clay seams 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B9.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



























B10: Load Test SR10 
 
 
Pile No.: M3 
Database ID No.: SR10 
Original Reference: Williams (1980) 
 
Table B10.1 Load test results 
Item Value  Comments 
Load test type Compression from bottom  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.23  
Shear length, l (m) 2  
Depth (m), LGS 12.5  
Depth (m) LTOR 12.5  
Head (m) concrete 1  
qu (MPa) intact 2.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.29  
Measured roughness (mm) 6.6  
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.67  
z (mm) peak 8.8  
fs (MPa) ultimate 0.711  
z (mm) ultimate 46.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.833 Based on slope of the tangent 






Table B10.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.787  
q1 (MPa) 0.342  
L2 (mm) 22.27  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Bucket auger  
Slurry N/A  
Concrete placement method Pumping  
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








3 orthogonal joint sets with one set parallel to bedding 
Moderately to highly weathered siltstone 
Joints planar and undulating 
Joints are tight and clean 
 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B10.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B11: Load Test SR11 
 
 
Pile No.: M4 
Database ID No.: SR11 
Original Reference: Williams (1980) 
 
Table B11.1 Load test results 
Item Value  Comments 
Load test type Compression Bottom load test shaft 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.35  
Shear length, l (m) 2  
Depth (m), LGS 12.5  
Depth (m) LTOR 12.5  
Head (m) concrete 1  
qu (MPa) intact 2.34  
qu (MPa) mass   
α (Ultimate OR Max) 0.26  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.616  
z (mm) peak 12  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.127 Based on slope of the tangent 






Table B11.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.099  
q1 (MPa) 0.127  
L2 (mm) 5.58  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0012 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Bucket auger Roughened 
Slurry Yes Mineral 
5 to 10 mm thick cake in 12 
hours 
Concrete placement method Cast under bentonite  
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








3 orthogonal joint sets with one set parallel to bedding 
Moderately to highly weathered siltstone 
Joints planar and undulating 
Joints are tight and clean 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B11.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





















B12: Load Test SR12 
 
 
Pile No.: WG303/2 
Database ID No.: SR12 
Original Reference: Williams (1980) 
 
Table B12.1 Load test results 
Item Value  Comments 
Load test type Compression Bottom loaded 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.58  
Shear length, l (m) 2  
Depth (m), LGS 40.5  
Depth (m) LTOR 6  
Head (m) concrete 1  
qu (MPa) intact 3.49  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm) 17.9 to 75  
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.846  
z (mm) peak 10.3  
fs (MPa) ultimate 0.775  
z (mm) ultimate 33.6  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.45 Based on slope of the tangent 






Table B12.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.68  
q1 (MPa) 0.539  
L2 (mm) 10.287  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0013 May be used for calculation of 







Item Value  Comments 
Socket construction method No information  
Casing N/A Tip depth from GS (m) =  
Drill bit type Machine and hand excavation  
Slurry N/A  
Concrete placement method Placed by hand around a pre-
made cone 
 
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








3 orthogonal joint sets with one set parallel to bedding 
Moderately to highly weathered siltstone 
Joints planar and undulating 
Joints are tight and clean 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B12.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




























B13: Load Test SR13 
 
 
Pile No.: ES 
Database ID No.: SR13 
Original Reference: Williams (1980) 
 
Table B13.1 Load test results 
Item Value  Comments 
Load test type Compression, top loaded  
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.09  
Shear length, l (m) 1.52  
Depth (m), LGS 2.36  
Depth (m) LTOR 2.36  
Head (m) concrete 0.76  
qu (MPa) intact 7.2  
qu (MPa) mass   
α (Ultimate OR Max) 0.12  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.861  
z (mm) max 176.8  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.03 Based on slope of the tangent 






Table B13.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 9.88  
q1 (MPa) 0.287  
L2 (mm) 82.29  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.028 May be used for calculation of 







Item Value  Comments 
Socket construction method Not reported Compressible based was used 
Casing N/A Tip depth from GS (m) =  
Drill bit type Bucket auger  
Slurry N/A  
Concrete placement method Teremie pipe  
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 









3 orthogonal joint sets 
Joints steeply inclined at70 to 72 degrees 
Joints have clay films 
Joints are planar and smooth 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair  






Table B13.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




















B14: Load Test SR14 
 
 
Pile No.: F1 
Database ID No.: SR14 
Original Reference: Williams (1980) 
 
Table B14.1 Load test results 
Item Value  Comments 
Load test type Compression Bottom loaded 
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.212  
Shear length, l (m) 1  
Depth (m), LGS 10.5  
Depth (m) LTOR 10.5  
Head (m) concrete 0.5  
qu (MPa) intact 3.06  
qu (MPa) mass   
α (Ultimate OR Max) 0.356  
Measured roughness (mm) 5  
Mobilized roughness (mm)   
fs (MPa) max 1.09  
z (mm) max 12.91  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.774 Based on slope of the tangent 






Table B14.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0  
q1 (MPa) 0.165  
L2 (mm) 7.65  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0008 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Not reported  
Slurry Not reported  
Concrete placement method   
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








3 orthogonal joint sets 
Moderately weathered mudstone 
Joints are closed and tight and clean 
Planar and undulating 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B14.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















B15: Load Test SR15 
 
 
Pile No.: F2 
Database ID No.: SR15 
Original Reference: Williams (1980) 
 
Table B15.1 Load test results 
Item Value  Comments 
Load test type Compression Bottom loaded 
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.212  
Shear length, l (m) 1  
Depth (m), LGS 6.5  
Depth (m) LTOR 6.5  
Head (m) concrete 0.5  
qu (MPa) intact 1.93  
qu (MPa) mass   
α (Ultimate OR Max) 0.48  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.94  
z (mm) max 10  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.312 Based on slope of the tangent 






Table B15.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.039  
q1 (MPa) 0.305  
L2 (mm) 7.112  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0006 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Not reported  
Slurry Not reported  
Concrete placement method   
Concrete slump (mm) 150 Assumed based on adjacent 
test shafts 
f’c (MPa) 42 Assumed based on adjacent 
test shafts 
Concrete modulus, Ec (GPa) 34.5 Assumed based on adjacent 
test shafts 








3 orthogonal joint sets 
Moderately weathered mudstone 
Joints are closed and tight and clean 
Planar and undulating 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B15.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















B16: Load Test SR16 
 
 
Pile No.: M8 
Database ID No.: SR16 
Original Reference: Williams (1980) 
 
Table B16.1 Load test results 
Item Value  Comments 
Load test type Compression Top loaded 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.66  
Shear length, l (m) 1.8  
Depth (m), LGS 1.5  
Depth (m) LTOR 1.5  
Head (m) concrete 1.5  
qu (MPa) intact 2  
qu (MPa) mass   
α (Ultimate OR Max) 0.48  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.967  
z (mm) peak 6.7  
fs (MPa) ultimate 0.801  
z (mm) ultimate 60.7  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.24 Based on slope of the tangent 






Table B16.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.1  
q1 (MPa) 0.889  
L2 (mm) 6.7  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.19  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0038 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Bucket auger  
Slurry N/A  
Concrete placement method Teremie pipe  
Concrete slump (mm) 150  
f’c (MPa) 42  
Concrete modulus, Ec (GPa) 34.5  








Highly to moderately weathered siltstone 
Tight joints 
3 orthogonal joint sets with one parallel to the bedding 
Planar and undulating joints 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B16.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





























B17: Load Test SR17 
 
 
Pile No.: M9 
Database ID No.: SR17 
Original Reference: Williams (1980) 
 
Table B17.1 Load test results 
Item Value  Comments 
Load test type Compression Top loaded 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.66  
Shear length, l (m) 4.2  
Depth (m), LGS 2.7  
Depth (m) LTOR 2.7  
Head (m) concrete 2.7  
qu (MPa) intact 2.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.378  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.87  
z (mm) peak 6.2  
fs (MPa) ultimate 0.886  
z (mm) ultimate 8.9  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.333 Based on slope of the tangent 






Table B17.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.57  
q1 (MPa) 0.437  
L2 (mm) 6.19  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0026 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Bucket auger  
Slurry   
Concrete placement method Teremie Hole filled with water prior to 
concreting 
Concrete slump (mm) 150  
f’c (MPa) 42  
Concrete modulus, Ec (GPa) 34.5  








Highly to moderately weathered siltstone 
Joints are tight and clean 
Planar and undulating joints 
3 orthogonal joint sets 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B17.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



























B18: Load Test SR18 
 
 
Pile No.: M10 
Database ID No.: SR18 
Original Reference: Williams (1980) 
 
Table B18.1 Load test results 
Item Value  Comments 
Load test type Compression Top loaded 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.66  
Shear length, l (m) 7.8  
Depth (m), LGS 4.5  
Depth (m) LTOR 4.5  
Head (m) concrete 4.5  
qu (MPa) intact 3.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.16  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.5488  
z (mm) max 4.8  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.17 Based on slope of the tangent 






Table B18.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.62  
q1 (MPa) 0.227  
L2 (mm) 3.58  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.81  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0063 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Bucket auger  
Slurry N/A  
Concrete placement method Submerged teremie pipe  
Concrete slump (mm) 150  
f’c (MPa) 42  
Concrete modulus, Ec (GPa) 34.5  








Highly to moderately weathered siltstone 
Joints are tight and clean 
3 orthogonal joint sets with one set parallel to bedding 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  






Table B18.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




















B19: Load Test SR19 
 
 
Pile No.: LT-8718-2 
Database ID No.: SR19 
Original Reference: LT (2001) 
 
Table B19.1 Load test results 
Item Value  Comments 
Load test type O-Cell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 2.84  
Depth (m), LGS 12.32  
Depth (m) LTOR 6.15  
Head (m) concrete 5.6  
qu (MPa) intact 0.54  
qu (MPa) mass   
α (Ultimate OR Max) 0.355  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.192  
z (mm) peak 16.84  
fs (MPa) ultimate 0.189  
z (mm) ultimate 53.14  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.402 Based on slope of the tangent 






Table B19.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 3.05  
Depth (m), LGS 7.69  
Depth (m) LTOR 3.2  
Head (m) concrete 2.64  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max) 0.16  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max o.114  
z (mm) max 53.25  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.056 Based on slope of the tangent 






Table B19.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-top  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 1.12  
Depth (m), LGS 7.29  
Depth (m) LTOR 1.12  
Head (m) concrete 0.56  
qu (MPa) intact 1.17  
qu (MPa) mass   
α (Ultimate OR Max) 0.18  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.21  
z (mm) peak 17.05  
fs (MPa) ultimate 0.189  
z (mm) ultimate 53.36  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.052 Based on slope of the tangent 






Table B19.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.754  
q1 (MPa) 0.092  
L2 (mm) 16.8  
q2 (MPa) 0.192  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.751  
q1 (MPa) 0.039  
L2 (mm) 16.51  
q2 (MPa) 0.081  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-top  
L1 (mm) 1.27  
q1 (MPa) 0.076  
L2 (mm) 17.05  





Table B19.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0041 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0126 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-top  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0123 May be used for calculation of 






Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary casing Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Pump  
Concrete slump (mm)   
f’c (MPa) 41.4  
Concrete modulus, Ec (GPa)   








Geraneros shale formation 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B19.2 Load-transfer function (t-z) 
 
Ocell- SG1 
Side Local Displacement 
(mm) 


















Table B19.3 Load-transfer function (t-z) 
 
SG1-SG2 
Side Local Displacement 
(mm) 






















Side Local Displacement 
(mm) 















B20: Load Test SR20 
 
 
Pile No.: LT-8718-1 
Database ID No.: SR20 
Original Reference: LT (2001) 
 
Table B20.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 2.84  
Depth (m), LGS 12.65  
Depth (m) LTOR 7  
Head (m) concrete 5.82  
qu (MPa) intact 1.017  
qu (MPa) mass   
α (Ultimate OR Max) 0.28  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.289  
z (mm) max 43.63  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.109 Based on slope of the tangent 






Table B20.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 3.05  
Depth (m), LGS 9.7  
Depth (m) LTOR 4.05  
Head (m) concrete 2.87  
qu (MPa) intact 1.37  
qu (MPa) mass   
α (Ultimate OR Max) 0.085  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.117  
z (mm) peak 11.99  
fs (MPa) ultimate 0.117  
z (mm) ultimate 43.63  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.041 Based on slope of the tangent 






Table B20.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-top  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 1.35  
Depth (m), LGS 7.5  
Depth (m) LTOR 1.85  
Head (m) concrete 0.675  
qu (MPa) intact 1.09  
qu (MPa) mass   
α (Ultimate OR Max) 0.099  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.108  
z (mm) max 43.63  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.012 Based on slope of the tangent 






Table B20.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.825  
q1 (MPa) 0.097  
L2 (mm) 12.19  
q2 (MPa) 0.24  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 1.76  
q1 (MPa) 0.0705  
L2 (mm) 11.99  
q2 (MPa) 0.1171  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-top  
L1 (mm) 1.88  
q1 (MPa) 42.87  
L2 (mm) 12.4  





Table B20.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0074 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0165 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-top  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0444 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary casing Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Pump  
Concrete slump (mm)   
f’c (MPa) 37.4  
Concrete modulus, Ec (GPa)   








Graneros shale formation 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 



















Side Local Displacement 
(mm) 




















Side Local Displacement 
(mm) 












B21: Load Test SR21 
 
 
Pile No.: LT (2002) 
Database ID No.: LT-8854 
Original Reference: LT (2002) 
 
Table B21.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-ocell  
Lithology Clay shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 0.83  
Depth (m), LGS 21.75  
Depth (m) LTOR 8.075  
Head (m) concrete 21.75  
qu (MPa) intact 4.06  
qu (MPa) mass   
α (Ultimate OR Max) 0.96  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.9  
z (mm) peak 27.85  
fs (MPa) ultimate 3.938  
z (mm) ultimate 37.99  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.11 Based on slope of the tangent 







Table B21.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG2  
Lithology Clay shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 1.32  
Depth (m), LGS 20.65  
Depth (m) LTOR 7  
Head (m) concrete 20.65  
qu (MPa) intact 3.47  
qu (MPa) mass   
α (Ultimate OR Max) 0.36  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.28  
z (mm) peak 9.9  
fs (MPa) ultimate 1.3  
z (mm) ultimate 46.24  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.944 Based on slope of the tangent 






Table B21.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Clay shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 2.63  
Depth (m), LGS 18.67  
Depth (m) LTOR 5.025  
Head (m) concrete 18.67  
qu (MPa) intact 2.87  
qu (MPa) mass   
α (Ultimate OR Max) 0.084  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.241  
z (mm) peak 9.25  
fs (MPa) ultimate 0.185  
z (mm) ultimate 45.25  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.08 Based on slope of the tangent 






Table B21.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Clay shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 2  
Depth (m), LGS 16.36  
Depth (m) LTOR 2.71  
Head (m) concrete 16.36  
qu (MPa) intact 2.394  
qu (MPa) mass   
α (Ultimate OR Max) 0.36  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.86  
z (mm) max 43.77  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.204 Based on slope of the tangent 






Table B21.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Clay shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 1.42  
Depth (m), LGS 14.65  
Depth (m) LTOR 1  
Head (m) concrete 14.65  
qu (MPa) intact 2.394  
qu (MPa) mass   
α (Ultimate OR Max) 0.37  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.894  
z (mm) peak 43.31  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.058 Based on slope of the tangent 






Table B21.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-zero  
Lithology Clay shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 0.8  
Depth (m), LGS 13.79  
Depth (m) LTOR 0.145  
Head (m) concrete 13.79  
qu (MPa) intact 2.394  
qu (MPa) mass   
α (Ultimate OR Max) 0.194  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.466  
z (mm) max 43.03  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B21.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 1.11  
q1 (MPa) 1.036  
L2 (mm) 20.61  
q2 (MPa) 3.73  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG2  
L1 (mm) 1.11  
q1 (MPa) 0.671  
L2 (mm) 14.97  
q2 (MPa) 1.328  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
L1 (mm) 2.47  
q1 (MPa) 0.196  
L2 (mm) 4.99  
q2 (MPa) 0.23  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
L1 (mm) 1.16  
q1 (MPa) 0.241  
L2 (mm) 21.48  
q2 (MPa) 0.815  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG4-SG5  
L1 (mm) 5.6  
q1 (MPa) 0.342  
L2 (mm) 21.04  





Table B21.1 Cont. Load test results 
 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG5-Zero  
L1 (mm) 2.1  
q1 (MPa) 0.185  
L2 (mm) 4.06  





Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0008 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0008 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0047 May be used for calculation of 





Table B21.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0047 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG4-SG5  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0129 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG5-Zero  
Goodness of fit for pre-peak 
zone, R2 
0.86  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0024 May be used for calculation of 






Item Value  Comments 
Socket construction method Excavated wet Excavated under water 
Casing Permanent Tip depth from GS (m) = 
13.94 
Drill bit type Auger and core barrel  
Slurry N/A  
Concrete placement method Pump  
Concrete slump (mm)   
f’c (MPa) 23.72  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
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(mm) 































Side Local Displacement 
(mm) 
































Side Local Displacement 
(mm) 






















Side Local Displacement 
(mm) 






















Side Local Displacement 
(mm) 





















Side Local Displacement 
(mm) 


















B22: Load Test SR22 
 
 
Pile No.: LT-8816 
Database ID No.: SR22 
Original Reference: LT (2001) 
 
Table B22.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.067  
Shear length, l (m) 1.93  
Depth (m), LGS 11.52  
Depth (m) LTOR 3.44  
Head (m) concrete 2.4  
qu (MPa) intact 1.42  
qu (MPa) mass   
α (Ultimate OR Max) 0.38  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.551  
z (mm) peak 2.54  
fs (MPa) ultimate 0.551  
z (mm) ultimate 27.68  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.588 Based on slope of the tangent 






Table B22.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG-top  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.067  
Shear length, l (m) 1.44  
Depth (m), LGS 9.84  
Depth (m) LTOR 1.76  
Head (m) concrete 0.72  
qu (MPa) intact 3.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.18  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.542  
z (mm) max 27.43  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.193 Based on slope of the tangent 






Table B22.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG  
L1 (mm) 0.411  
q1 (MPa) 0.295  
L2 (mm) 8.12  
q2 (MPa) 0.583  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG-top  
L1 (mm) 0.762  
q1 (MPa) 0.153  
L2 (mm) 8.12  




Item Value  Comments 
Strain gauge level Ocell-SG  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0007 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG-top  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0033 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated wet Water and polymer 
Casing Permanent Tip depth from GS (m) = 8.84 
Drill bit type Rock auger  
Slurry Polymer  
Concrete placement method Pump  
Concrete slump (mm)   
f’c (MPa) 37.8  
Concrete modulus, Ec (GPa)   









Fairport chalk member 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 























Side Local Displacement 
(mm) 















B23: Load Test SR23 
 
 
Pile No.: LT-9048 
Database ID No.: SR23 
Original Reference: LT (2004) 
 
Table B23.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-top of socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Hoek (1990) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.219  
Shear length, l (m) 2.43  
Depth (m), LGS 45.55  
Depth (m) LTOR 4.95  
Head (m) concrete 45.55  
qu (MPa) intact 2.394  
qu (MPa) mass   
α (Ultimate OR Max) 0.3  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.731  
z (mm) max 16.68  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.266 Based on slope of the tangent 







Table B23.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-top  
L1 (mm) 0.246  
q1 (MPa) 0.165  
L2 (mm) 12.95  




Item Value  Comments 
Strain gauge level Ocell-top  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0022 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent Tip depth from GS (m) = 
13.01 
Drill bit type Auger Only used for socket 
construction 
Slurry N/A  
Concrete placement method Pump  
Concrete slump (mm)   
f’c (MPa) 34.48  
Concrete modulus, Ec (GPa)   








Heavily weathered shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B23.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















Figure B23.1 Load-transfer function (t-z) 
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B24: Load Test SR24 
 
 
Pile No.: 9405 
Database ID No.: SR24 
Original Reference: LT (2008) 
 
Table B24.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.067  
Shear length, l (m) 2.6  
Depth (m), LGS 8.7  
Depth (m) LTOR 4.8  
Head (m) concrete 8.7  
qu (MPa) intact 2.47  
qu (MPa) mass   
α (Ultimate OR Max) 0.258  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.638  
z (mm) max 11.43  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.21 Based on slope of the tangent 






Table B24.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.067  
Shear length, l (m) 1.83  
Depth (m), LGS 6.33  
Depth (m) LTOR 2.44  
Head (m) concrete 6.33  
qu (MPa) intact 0.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.3  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.132  
z (mm) max 11.17  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.035 Based on slope of the tangent 






Table B24.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.067  
Shear length, l (m) 1.83  
Depth (m), LGS 4.8  
Depth (m) LTOR 0.89  
Head (m) concrete 4.8  
qu (MPa) intact 0.32  
qu (MPa) mass   
α (Ultimate OR Max) 0.194  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.062  
z (mm) peak 4.97  
fs (MPa) ultimate 0.068  
z (mm) ultimate 11.17  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.023 Based on slope of the tangent 






Table B24.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.7  
q1 (MPa) 0.156  
L2 (mm) 6.35  
q2 (MPa) 0.55  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 1.6  
q1 (MPa) 0.055  
L2 (mm) 7.54  
q2 (MPa) 0.117  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
L1 (mm) 1.54  
q1 (MPa) 0.0393  
L2 (mm) 4.97  





Table B24.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0042 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.88  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0217 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0203 May be used for calculation of 






Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Not reported  
Slurry N/A  
Concrete placement method Not reported  
Concrete slump (mm)   
f’c (MPa) 28.27  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
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B25: Load Test SR25 
 
 
Pile No.:  LT-9021 
Database ID No.: SR25 
Original Reference: LT (2004) 
 
Table B25.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG2  
Lithology Shale/limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.524  
Shear length, l (m) 1.4  
Depth (m), LGS 16.82  
Depth (m) LTOR 6.03  
Head (m) concrete 19.32  
qu (MPa) intact 22.66  
qu (MPa) mass   
α (Ultimate OR Max) 0.058  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.31  
z (mm) max 0.381  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
9.068 Based on slope of the tangent 






Table B25.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale/limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.524  
Shear length, l (m) 1.1  
Depth (m), LGS 15.57  
Depth (m) LTOR 4.77  
Head (m) concrete 18.08  
qu (MPa) intact 22.66  
qu (MPa) mass   
α (Ultimate OR Max) 0.051  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.154  
z (mm) max 0.29  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
4 Based on slope of the tangent 






Table B25.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.524  
Shear length, l (m) 2.22  
Depth (m), LGS 13.91  
Depth (m) LTOR 3.11  
Head (m) concrete 16.41  
qu (MPa) intact 0.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.54  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.237  
z (mm) max 0.195  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.25 Based on slope of the tangent 






Table B25.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG2  
L1 (mm) 0.381  
q1 (MPa) 1.31  
L2 (mm)   
q2 (MPa)   
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
L1 (mm) 0.29  
q1 (MPa) 1.154  
L2 (mm)   
q2 (MPa)   
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
L1 (mm) 0.19  
q1 (MPa) 0.237  
L2 (mm)   





Table B25.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.86  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00009 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
Goodness of fit for pre-peak 
zone, R2 
0.013 Indicate hyperbolic model is 
not a good fit 
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0003 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
Goodness of fit for pre-peak 
zone, R2 
0.53  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0005 May be used for calculation of 






Item Value  Comments 
Socket construction method Excavated dry Flooded with river water after 
excavation 
Casing Permanent Tip depth from GS (m) = 
10.97 
Drill bit type Auger  
Slurry N/A  
Concrete placement method Teremie and pump  
Concrete slump (mm)   
f’c (MPa) 31.9  
Concrete modulus, Ec (GPa)   







Shale and limestone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 
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B26: Load Test SR26 
 
 
Pile No.: LT-8929 
Database ID No.: SR26 
Original Reference: LT (2003) 
 
Table B26.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-Ocell  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.219  
Shear length, l (m) 3.81  
Depth (m), LGS 15.26  
Depth (m) LTOR 8.2  
Head (m) concrete 14.05  
qu (MPa) intact 7.25  
qu (MPa) mass   
α (Ultimate OR Max) 0.15  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.094  
z (mm) max 1.27  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.643 Based on slope of the tangent 






Table B26.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-Ocell  
L1 (mm) 0.254  
q1 (MPa) 0.368  
L2 (mm) 1.016  




Item Value  Comments 
Strain gauge level SG1-Ocell  
Goodness of fit for pre-peak 
zone, R2 
0.78  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0007 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Pump  
Concrete slump (mm)   
f’c (MPa) 26.89  
Concrete modulus, Ec (GPa)   








Stiff to brittle shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B26.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















Figure B26.1 Load-transfer function (t-z) 
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B27: Load Test SR27 
 
 
Pile No.: LT-8916 
Database ID No.: LT (2003) 
Original Reference: LT (2003) 
 
Table B27.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.219  
Shear length, l (m) 2.6  
Depth (m), LGS 12.68  
Depth (m) LTOR 7.33  
Head (m) concrete 11.89  
qu (MPa) intact 24.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.115  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 2.806  
z (mm) max 2.286  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
2.884 Based on slope of the tangent 






Table B27.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.219  
Shear length, l (m) 2.95  
Depth (m), LGS 10.065  
Depth (m) LTOR 4.71  
Head (m) concrete 9.27  
qu (MPa) intact 12.33  
qu (MPa) mass   
α (Ultimate OR Max) 0.084  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.037  
z (mm) max 1.44  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
7.142 Based on slope of the tangent 






Table B27.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.695  
q1 (MPa) 1.87  
L2 (mm) 0.695  
q2 (MPa) 1.87  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.1079  
q1 (MPa) 0.608  
L2 (mm) 0.812  




Item Value  Comments 
Strain gauge level SG1-ocell  
Goodness of fit for pre-peak 
zone, R2 
0.92  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0003 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0001 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Teremie  
Concrete slump (mm)   
f’c (MPa) 42.27  
Concrete modulus, Ec (GPa)   








Shale and limey shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B27.2 Load-transfer function (t-z) 
Ocell-SG1 
 
Side Local Displacement 
(mm) 



























Side Local Displacement 
(mm) 


















B28: Load Test SR28 
 
 
Pile No.: LT-8733 
Database ID No.: SR28 
Original Reference: LT (2001) 
 
Table B28.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 12 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 2.23  
Depth (m), LGS 10.66  
Depth (m) LTOR 5.73  
Head (m) concrete 9.16  
qu (MPa) intact 1.1  
qu (MPa) mass   
α (Ultimate OR Max) 0.43  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.472  
z (mm) max 5.08  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.578 Based on slope of the tangent 






Table B28.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 12 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 1.82  
Depth (m), LGS 8.62  
Depth (m) LTOR 3.69  
Head (m) concrete 7.12  
qu (MPa) intact 1.1  
qu (MPa) mass   
α (Ultimate OR Max) 0.35  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.388  
z (mm) max 5.0292  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.232 Based on slope of the tangent 






Table B28.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-zero  
Lithology Sandy shale  
mi 12 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 2.78  
Depth (m), LGS 6.31  
Depth (m) LTOR 1.38  
Head (m) concrete 4.82  
qu (MPa) intact 0.58  
qu (MPa) mass   
α (Ultimate OR Max) 0.6  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.35  
z (mm) max 5.029  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.133 Based on slope of the tangent 






Table B28.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.091  
q1 (MPa) 0.143  
L2 (mm) 2.33  
q2 (MPa) 0.364  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.635  
q1 (MPa) 0.101  
L2 (mm) 4.21  
q2 (MPa) 0.359  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-zero  
L1 (mm) 1.054  
q1 (MPa) 0.14  
L2 (mm) 3.65  





Table B28.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.005 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-zero  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0066 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent Tip depth from GS (m) = 4.93 
Drill bit type Auger  
Slurry N/A  
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 38.7  
Concrete modulus, Ec (GPa)   








Sandy shale from Severy shale formation 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   











Side Local Displacement 
(mm) 






















Side Local Displacement 
(mm) 






















Side Local Displacement 
(mm) 















B29: Load Test SR29 
 
 
Pile No.: LT-8415-2 
Database ID No.: SR29 
Original Reference: LT (1998) 
 
Table B29.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-ECT2  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 2.44  
Shear length, l (m) 3.8  
Depth (m), LGS 30.46  
Depth (m) LTOR 7.7  
Head (m) concrete 29.27  
qu (MPa) intact 6.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.123  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.793  
z (mm) max 41.76  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.09 Based on slope of the tangent 






Table B29.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level ECT2-ECT3  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 2.44  
Shear length, l (m) 2.6  
Depth (m), LGS 27.27  
Depth (m) LTOR 4.51  
Head (m) concrete 26.08  
qu (MPa) intact 1.72  
qu (MPa) mass   
α (Ultimate OR Max) 0.23  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.402  
z (mm) peak 34.41  
fs (MPa) ultimate 0.405  
z (mm) ultimate 41.24  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.036 Based on slope of the tangent 






Table B29.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level ECT3-ECT4  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 2.44  
Shear length, l (m) 3.04  
Depth (m), LGS 24.45  
Depth (m) LTOR 1.69  
Head (m) concrete 23.26  
qu (MPa) intact 0.59  
qu (MPa) mass   
α (Ultimate OR Max) 0.37  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.219  
z (mm) max 40.8  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.017 Based on slope of the tangent 






Table B29.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-ECT2  
L1 (mm) 4.01  
q1 (MPa) 0.35  
L2 (mm) 26.035  
q2 (MPa) 0.74  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level ECT2-ECT3  
L1 (mm) 2.98  
q1 (MPa) 0.126  
L2 (mm) 25.57  
q2 (MPa) 0.38  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level ECT3-ECT4  
L1 (mm) 6.75  
q1 (MPa) 0.124  
L2 (mm) 11.12  





Table B29.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-ECT2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0068 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level ECT2-ECT3  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0237 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level ECT3-ECT4  
Goodness of fit for pre-peak 
zone, R2 
0.93  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0464 May be used for calculation of 






Item Value  Comments 
Socket construction method Excavated wet Reverse circulation drilling 
Casing Permanent Tip depth from GS (m) = 
22.76 
Drill bit type Shale style drag bit  
Slurry Polymer Viscosity = 50 sec/qt 
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 29.6  
Concrete modulus, Ec (GPa)   







Shale to clay shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 

































Side Local Displacement 
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Side Local Displacement 
(mm) 




























B30: Load Test SR30 
 
 
Pile No.: I-225 site 
Database ID No.: SR30 
Original Reference: Abu-Hejleh et al. (2003) 
 
Table B30.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.07  
Shear length, l (m) 1.83  
Depth (m), LGS 7.54  
Depth (m) LTOR 3.73  
Head (m) concrete 5.72  
qu (MPa) intact 0.6  
qu (MPa) mass   
α (Ultimate OR Max) 0.293  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.176  
z (mm) max 40.64  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.04 Based on slope of the tangent 






Table B30.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.07  
Shear length, l (m) 1.83  
Depth (m), LGS 5.7  
Depth (m) LTOR 1.9  
Head (m) concrete 3.89  
qu (MPa) intact 0.526  
qu (MPa) mass   
α (Ultimate OR Max) 0.243  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.128  
z (mm) max 40.64  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.014 Based on slope of the tangent 






Table B30.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-Ocell  
L1 (mm) 2.94  
q1 (MPa) 0.044  
L2 (mm) 21.05  
q2 (MPa) 0.112  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 2.94  
q1 (MPa) 0.044  
L2 (mm) 21.05  




Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0179 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0498 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Flight auger Roughened 
Slurry N/A  
Concrete placement method Teremie pipe  
Concrete slump (mm) 228.6  
f’c (MPa) 23.6  
Concrete modulus, Ec (GPa)   






Slightly sandy claystone 
Slightly blocky 
Oxide stains visible 
Rock is moist 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good  










Side Local Displacement 
(mm) 



















Side Local Displacement 
(mm) 














B31: Load Test SR31 
 
 
Pile No.: County line site 
Database ID No.: SR31 
Original Reference: Abu-Hejleh et al. (2003) 
 
Table B31.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.219  
Shear length, l (m) 1.52  
Depth (m), LGS 5.79  
Depth (m) LTOR 5.79  
Head (m) concrete 3.96  
qu (MPa) intact 0.53  
qu (MPa) mass   
α (Ultimate OR Max) 0.28  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.151  
z (mm) peak 4.92  
fs (MPa) ultimate 0.161  
z (mm) ultimate 14.73  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B31.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.219  
Shear length, l (m) 1.52  
Depth (m), LGS 4.26  
Depth (m) LTOR 4.26  
Head (m) concrete 2.43  
qu (MPa) intact 0.625  
qu (MPa) mass   
α (Ultimate OR Max) 0.36  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.229  
z (mm) max 20.066  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.046 Based on slope of the tangent 






Table B31.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-top  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.219  
Shear length, l (m) 1.67  
Depth (m), LGS 2.66  
Depth (m) LTOR 2.66  
Head (m) concrete 0.835  
qu (MPa) intact 0.105  
qu (MPa) mass   
α (Ultimate OR Max) 0.77  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.081  
z (mm) peak 20.66  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.014 Based on slope of the tangent 






Table B31.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.96  
q1 (MPa) 0.1  
L2 (mm) 4.92  
q2 (MPa) 0.151  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.96  
q1 (MPa) 0.045  
L2 (mm) 14.47  
q2 (MPa) 0.21  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-top  
L1 (mm) 1.82  
q1 (MPa) 0.0301  
L2 (mm) 14.47  





Table B31.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0054 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0206 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-top  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0462 May be used for calculation of 





Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry N/A  
Concrete placement method   
Concrete slump (mm) 177.8 to 228.6  
f’c (MPa) 22.01  
Concrete modulus, Ec (GPa)   









Blocky to slightly blocky 
Iron stains are visible 
Rock is most 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to fair  










Side Local Displacement 
(mm) 
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Side Local Displacement 
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B32: Load Test SR32 
 
 
Pile No.: Franklin Site 
Database ID No.: SR32 
Original Reference: Abu-Hejleh et al. (2003) 
 
Table B32.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.07  
Shear length, l (m) 1.83  
Depth (m), LGS 6.3  
Depth (m) LTOR 4.93  
Head (m) concrete 6.3  
qu (MPa) intact 2.93  
qu (MPa) mass   
α (Ultimate OR Max) 0.41  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.203  
z (mm) max 3.505  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.4 Based on slope of the tangent 






Table B32.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.07  
Shear length, l (m) 1.83  
Depth (m), LGS 4.47  
Depth (m) LTOR 3.1  
Head (m) concrete 4.47  
qu (MPa) intact 3.19  
qu (MPa) mass   
α (Ultimate OR Max) 0.194  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.619  
z (mm) max 2.92  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.526 Based on slope of the tangent 






Table B32.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-top  
Lithology Claystone  
mi 4 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.07  
Shear length, l (m) 2.2  
Depth (m), LGS 2.46  
Depth (m) LTOR 1.095  
Head (m) concrete 2.46  
qu (MPa) intact 3.38  
qu (MPa) mass   
α (Ultimate OR Max) 0.028  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.095  
z (mm) max 2.54  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B32.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.254  
q1 (MPa) 0.31  
L2 (mm) 2.79  
q2 (MPa) 1.12  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.22  
q1 (MPa) 0.123  
L2 (mm) 1.93  
q2 (MPa) 0.505  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-top  
L1 (mm) 0.33  
q1 (MPa) 0.032  
L2 (mm) 1.72  





Table B32.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0008 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0017 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-top  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0094 May be used for calculation of 





Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry N/A  
Concrete placement method Tremie method  
Concrete slump (mm) 177.8 to 228.6  
f’c (MPa) 23.51  
Concrete modulus, Ec (GPa)   









Blocky with oxide stains 
Moist rock 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  










Side Local Displacement 
(mm) 









































Side Local Displacement 
(mm) 

























Side Local Displacement 
(mm) 


















B33: Load Test SR33 
 
 
Pile No.: Broadway site 
Database ID No.: SR33 
Original Reference: Abu-Hejleh et al. (2003) 
 
Table B33.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandstone  
mi 19 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.37  
Shear length, l (m) 3.04  
Depth (m), LGS 10.89  
Depth (m) LTOR 5.71  
Head (m) concrete 8.91  
qu (MPa) intact 10.79  
qu (MPa) mass   
α (Ultimate OR Max) 0.144  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.556  
z (mm) peak 9.144  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.8 Based on slope of the tangent 






Table B33.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandstone  
mi 19 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.37  
Shear length, l (m) 3.04  
Depth (m), LGS 7.8  
Depth (m) LTOR 2.66  
Head (m) concrete 2.86  
qu (MPa) intact 5.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.143  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.762  
z (mm) max 7.87  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.238 Based on slope of the tangent 






Table B33.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-top  
Lithology Sandstone  
mi 19 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.37  
Shear length, l (m) 1.14  
Depth (m), LGS 5.75  
Depth (m) LTOR 0.57  
Head (m) concrete 3.77  
qu (MPa) intact 5.23  
qu (MPa) mass   
α (Ultimate OR Max) 0.016  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.088  
z (mm) max 7.62  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.03 Based on slope of the tangent 






Table B33.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.279  
q1 (MPa) 0.414  
L2 (mm) 6.35  
q2 (MPa) 1.407  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.508  
q1 (MPa) 0.111  
L2 (mm) 4.87  
q2 (MPa) 0.577  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-top  
L1 (mm) 1.49  
q1 (MPa) 0.044  
L2 (mm) 5.08  





Table B33.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0045 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-top  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0246 May be used for calculation of 





Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Tremie method  
Concrete slump (mm) 190.5  
f’c (MPa) 27.13  
Concrete modulus, Ec (GPa)   











GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 
























Side Local Displacement 
(mm) 






















Side Local Displacement 
(mm) 
















A34: Load Test SR34 
 
 
Pile No.: Test Shaft 3 
Database ID No.: SR34 
Original Reference: Spanovich and Garvin (1979) 
 
Table B34.1 Load test results 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 0.9  
Depth (m), LGS 5.45  
Depth (m) LTOR 0.45  
Head (m) concrete 5.45  
qu (MPa) intact 1.44  
qu (MPa) mass   
α (Ultimate OR Max) 1.08  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.575  
z (mm) peak 68.83  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.171 Based on slope of the tangent 






Table B34.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.32  
q1 (MPa) 0.228  
L2 (mm) 41.15  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0064 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Fluid concrete was “poured”  
Concrete slump (mm)   
f’c (MPa) 20.7  
Concrete modulus, Ec (GPa)   








Fissile soft to medium hard silty shale 
Some sandy seams exist 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B34.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 

















B35: Load Test SR35 
 
 
Pile No.: Test shaft 4 
Database ID No.: SR35 
Original Reference: Spanovich and Garvin (1979) 
 
Table B35.1 Load test results 
Item Value  Comments 
Load test type Conventional  Top down 
Strain gauge level Socket  
Lithology Silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.457  
Shear length, l (m) 0.9  
Depth (m), LGS 5.45  
Depth (m) LTOR 0.45  
Head (m) concrete 5.45  
qu (MPa) intact 1.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.627  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.909  
z (mm) max 56.64  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.084 Based on slope of the tangent 






Table B35.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.36  
q1 (MPa) 0.21  
L2 (mm) 26.16  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.01 May be used for calculation of 






Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Fluid concrete was “poured”  
Concrete slump (mm)   
f’c (MPa) 20.7  
Concrete modulus, Ec (GPa)   








Fissile soft to medium hard silty shale 
Some sandy seams exist 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B35.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B36: Load Test SR36 
 
 
Pile No.: Test shaft 9 
Database ID No.: SR36 
Original Reference: Spanovich and Garvin (1979) 
 
Table B36.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.609  
Shear length, l (m) 0.9  
Depth (m), LGS 5.45  
Depth (m) LTOR 0.45  
Head (m) concrete 5.45  
qu (MPa) intact 1.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.67  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.975  
z (mm) max 92.71  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.087 Based on slope of the tangent 






Table B36.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.18  
q1 (MPa) 0.19  
L2 (mm) 38.86  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0136 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Fluid concrete was “poured”  
Concrete slump (mm)   
f’c (MPa) 20.7  
Concrete modulus, Ec (GPa)   








Fissile soft to medium hard silty shale 
Some sandy seams exist 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B36.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B37: Load Test SR37 
 
 
Pile No.: Test shaft 2 
Database ID No.: SR37 
Original Reference: Spanovich and Garvin (1979) 
 
Table B37.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 1.5  
Depth (m), LGS 5.75  
Depth (m) LTOR 0.75  
Head (m) concrete 5.75  
qu (MPa) intact 1.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.51  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.741  
z (mm) max 64.77  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.062 Based on slope of the tangent 






Table B37.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 3.83  
q1 (MPa) 0.25  
L2 (mm) 21.33  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.012 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Fluid concrete was “poured”  
Concrete slump (mm)   
f’c (MPa) 20.7  
Concrete modulus, Ec (GPa)   








Fissile soft to medium hard silty shale 
Some sandy seams exist 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B37.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 

















Figure B37.1 Load-transfer function (t-z) 
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B38: Load Test SR38 
 
 
Pile No.: Test shaft 7 
Database ID No.: SR38 
Original Reference: Spanovich and Garvin (1979) 
 
Table B38.1 Load test results 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6096  
Shear length, l (m) 1.5  
Depth (m), LGS 5.75  
Depth (m) LTOR 0.75  
Head (m) concrete 5.75  
qu (MPa) intact 1.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.4  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.586  
z (mm) peak 56.64  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0525 Based on slope of the tangent 






Table B38.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.77  
q1 (MPa) 0.111  
L2 (mm) 45.72  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0167 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing N/A Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method Fluid concrete was “poured”  
Concrete slump (mm)   
f’c (MPa) 20.7  
Concrete modulus, Ec (GPa)   








Fissile soft to medium hard silty shale 
Some sandy seams exist 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B38.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 


















B39: Load Test SR39 
 
 
Pile No.: MT1 
Database ID No.: SR39 
Original Reference: Aurora and Reese (1977) 
 
Table B39.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.736  
Shear length, l (m) 1.34  
Depth (m), LGS 6.57  
Depth (m) LTOR 0.67  
Head (m) concrete 7.57  
qu (MPa) intact 1.41  
qu (MPa) mass   
α (Ultimate OR Max) 0.13  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.185  
z (mm) peak 14.31  
fs (MPa) ultimate 0.081  
z (mm) ultimate 72.76  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.095 Based on slope of the tangent 






Table B39.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.037  
q1 (MPa) 0.0985  
L2 (mm) 14.31  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0061 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Similar to Tremie method  
Concrete slump (mm) 152.4 to 177.8  
f’c (MPa) 24.1  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B39.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




















B40: Load Test SR40 
 
 
Pile No.: MT2  
Database ID No.: SR40 
Original Reference: Aurora and Reese (1977) 
 
Table B40.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.787  
Shear length, l (m) 1.34  
Depth (m), LGS 6.57  
Depth (m) LTOR 0.67  
Head (m) concrete 7.57  
qu (MPa) intact 1.41  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.106  
z (mm) peak 21.55  
fs (MPa) ultimate 0.0765  
z (mm) ultimate 49.13  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.127 Based on slope of the tangent 






Table B40.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.236  
q1 (MPa) 0.03  
L2 (mm) 21.55  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0099 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing N/A Tip depth from GS (m) =  
Drill bit type Slurry used Type of slurry not reported 
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm) 165.1  
f’c (MPa) 24.1  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B40.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B41: Load Test SR41 
 
 
Pile No.: MT3 
Database ID No.: SR41 
Original Reference: Aurora and Reese (1977) 
 
Table B41.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.749  
Shear length, l (m) 1.52  
Depth (m), LGS 6.56  
Depth (m) LTOR 0.76  
Head (m) concrete 7.47  
qu (MPa) intact 1.41  
qu (MPa) mass   
α (Ultimate OR Max) 0.441  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.622  
z (mm) max 33.41  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
8.23 Based on slope of the tangent 






Table B41.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.0094  
q1 (MPa) 0.0773  
L2 (mm) 11.24  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0032 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent Tip depth from GS (m) = 5.8 
Drill bit type Auger  
Slurry N/A  
Concrete placement method A steel tube was used Similar to Tremie method 
Concrete slump (mm) 152.4  
f’c (MPa) 24.1  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B41.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















B42: Load Test SR42 
 
 
Pile No.: DT1 
Database ID No.: SR42 
Original Reference: Aurora and Reese (1977) 
 
Table B42.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.889  
Shear length, l (m) 1.37  
Depth (m), LGS 6.93  
Depth (m) LTOR 0.685  
Head (m) concrete 7.9  
qu (MPa) intact 0.612  
qu (MPa) mass   
α (Ultimate OR Max) 0.258  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.158  
z (mm) peak 3.55  
fs (MPa) ultimate 0.136  
z (mm) ultimate 15.24  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.108 Based on slope of the tangent 






Table B42.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.45  
q1 (MPa) 0.0588  
L2 (mm) 3.55  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0068 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger  
Slurry N/A  
Concrete placement method A steel tube was used Similar to Tremie method 
Concrete slump (mm) 165.1  
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B42.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 




















B43: Load Test SR43 
 
 
Pile No.: TS1A 
Database ID No.: SR43 
Original Reference: Miller (2003) 
 
Table B43.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG2  
Lithology Limestone/clay shale  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.11  
Shear length, l (m) 2.5  
Depth (m), LGS 36.37  
Depth (m) LTOR 8.33  
Head (m) concrete 4.67  
qu (MPa) intact 1.71  
qu (MPa) mass   
α (Ultimate OR Max) 0.419  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.717  
z (mm) peak 3.7  
fs (MPa) ultimate 0.666  
z (mm) ultimate 5.44  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.8 Based on slope of the tangent 






Table B43.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Limestone/ clay shale  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.11  
Shear length, l (m) 1.5  
Depth (m), LGS 33.87  
Depth (m) LTOR 5.83  
Head (m) concrete 2.17  
qu (MPa) intact 1.21  
qu (MPa) mass   
α (Ultimate OR Max) 0.79  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.957  
z (mm) max 5.4  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.24 Based on slope of the tangent 






Table B43.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-top  
Lithology Clay shale to shaley limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.11  
Shear length, l (m) 1.42  
Depth (m), LGS 32.14  
Depth (m) LTOR 4.37  
Head (m) concrete 0.71  
qu (MPa) intact 1.21  
qu (MPa) mass   
α (Ultimate OR Max) 0.32  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.393  
z (mm) max 5.4  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.175 Based on slope of the tangent 






Table B43.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Clay shale/limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.11  
Shear length, l (m) 0.94  
Depth (m), LGS 37.6  
Depth (m) LTOR 9.56  
Head (m) concrete 5.9  
qu (MPa) intact 1.71  
qu (MPa) mass   
α (Ultimate OR Max) 0.55  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.944  
z (mm) peak 7.65  
fs (MPa) ultimate 0.814  
z (mm) ultimate 11.6  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.25 Based on slope of the tangent 






Table B43.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Clay shale/limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.11  
Shear length, l (m) 1  
Depth (m), LGS 35.12  
Depth (m) LTOR 7.08  
Head (m) concrete 3.42  
qu (MPa) intact 1.21  
qu (MPa) mass   
α (Ultimate OR Max) 1.62  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.971  
z (mm) max 5.44  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.5 Based on slope of the tangent 






Table B43.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG2  
L1 (mm) 0.66  
q1 (MPa) 0.324  
L2 (mm) 2.89  
q2 (MPa) 0.67  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
L1 (mm) 2.43  
q1 (MPa) 0.574  
L2 (mm) 3.67  
q2 (MPa) 0.791  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG4-top  
L1 (mm) 1.15  
q1 (MPa) 0.152  
L2 (mm) 4  
q2 (MPa) 0.346  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 1.65  
q1 (MPa) 0.426  
L2 (mm) 5  
q2 (MPa) 0.851  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
L1 (mm) 1.36  
q1 (MPa) 0.648  
L2 (mm) 3.94  





Table B43.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
Goodness of fit for pre-peak 
zone, R2 
0.91  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0032 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG4-top  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0055 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0022 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG2-SG3  
Goodness of fit for pre-peak 
zone, R2 
0.89  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0016 May be used for calculation of 
initial shear stiffness 
1706
 






Item Value  Comments 
Socket construction method Excavated wet Drilling fluid is water 
Casing Permanent Tip depth from GS (m) = 
28.04 
Drill bit type Bullet tooth rock auger  
Slurry N/A  
Concrete placement method Tremie method  
Concrete slump (mm) 102  
f’c (MPa) 28.1  
Concrete modulus, Ec (GPa)   








Ocell-SG2: Crowburg Formation, limestone, gray-green calcareous clay shale and underclay 
with coal bed 
 
SG3-SG4: Verdigris Formation, gray-green clay shale to mudstone, black fissile shale, gray 
shaley limestone, laminated gray clay shale 
 
SG4-top: Verdigris Formation, gray-green clay shale to mudstone, black fissile shale, gray 
shaley limestone, laminated gray clay shale 
 
Ocell-SG1: Crowburg formation, gray-green calcareous clay shale, limestone and coal bed 
 
SG2-SG3: Crowburg formation, gray-green calcareous clay shale, limestone and coal bed 
 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
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B44: Load Test SR44 
 
 
Pile No.: TS2 
Database ID No.: Lexington Site 
Original Reference: Miller (2003) 
 
Table B44.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Lower ocell-upper ocell  
Lithology Clay shale and silt shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.17  
Shear length, l (m) 4  
Depth (m), LGS 26.35  
Depth (m) LTOR 16.83  
Head (m) concrete 6.23  
qu (MPa) intact 2.99  
qu (MPa) mass   
α (Ultimate OR Max) 0.238  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.715  
z (mm) peak 12.55  
fs (MPa) ultimate 0.689  
z (mm) ultimate 25  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.669 Based on slope of the tangent 







Table B44.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Upper cell-SG3  
Lithology Clay shale and silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.17  
Shear length, l (m) 1.5  
Depth (m), LGS 23.6  
Depth (m) LTOR 14.08  
Head (m) concrete 3.48  
qu (MPa) intact 3.81  
qu (MPa) mass   
α (Ultimate OR Max) 0.436  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.662  
z (mm) max 7.7  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
2.512 Based on slope of the tangent 






Table B44.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Clay shale and silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.17  
Shear length, l (m) 1  
Depth (m), LGS 22.35  
Depth (m) LTOR 12.83  
Head (m) concrete 2.23  
qu (MPa) intact 3.81  
qu (MPa) mass   
α (Ultimate OR Max) 0.179  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.684  
z (mm) peak 7  
fs (MPa) ultimate 0.684  
z (mm) ultimate 7.8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.4 Based on slope of the tangent 






Table B44.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4- top of shaft  
Lithology Clay shale and silty shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.17  
Shear length, l (m) 1.73  
Depth (m), LGS 20.98  
Depth (m) LTOR 11.46  
Head (m) concrete 0.865  
qu (MPa) intact 3.81  
qu (MPa) mass   
α (Ultimate OR Max) 0.062  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.237  
z (mm) max 7.77  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B44.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Lower ocell-upper ocell  
L1 (mm) 0.33  
q1 (MPa) 0.22  
L2 (mm) 12.55  
q2 (MPa) 0.715  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Upper cell-SG3  
L1 (mm) 0.22  
q1 (MPa) 0.552  
L2 (mm) 3.44  
q2 (MPa) 1.321  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
L1 (mm) 0.73  
q1 (MPa) 0.268  
L2 (mm) 1.8  
q2 (MPa) 0.494  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG4-top of shaft (TOS)  
L1 (mm) 0.73  
q1 (MPa) 0.0736  
L2 (mm) 2.8  






Table B44.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Lower ocell-upper ocell  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0017 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Upper cell-SG3  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0004 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG3-SG4  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0017 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG4-top of shaft (TOS)  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0076 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated wet Water is used as drilling fluid 
Casing Permanent Tip depth from GS (m) = 
10.67 
Drill bit type Bullet tooth rock auger  
Slurry N/A  
Concrete placement method Tremie method  
Concrete slump (mm) 102  
f’c (MPa) 28.1 to 33.7  
Concrete modulus, Ec (GPa)   









Clay shale to silty shale 
Coal bed on top 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B44.2 Load-transfer function (t-z) 
 
Lower ocell-upper ocell 
 
Side Local Displacement 
(mm) 
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Table B44.5 Load-transfer function (t-z) 
 
SG4-top of shaft  
 
Side Local Displacement 
(mm) 















B45: Load Test SR45 
 
 
Pile No.: Grandview Triangle Site 
Database ID No.: SR45 
Original Reference: Miller (2003) 
 
Table B45.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG4  
Lithology Shale/limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.95  
Shear length, l (m) 3.5  
Depth (m), LGS 9.64  
Depth (m) LTOR 9.64  
Head (m) concrete 7.08  
qu (MPa) intact 16.89  
qu (MPa) mass   
α (Ultimate OR Max) 0.061  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.034  
z (mm) max 35.56  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.439 Based on slope of the tangent 






Table B45.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale and limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.95  
Shear length, l (m) 1.37  
Depth (m), LGS 7.17  
Depth (m) LTOR 7.17  
Head (m) concrete 4.61  
qu (MPa) intact 0.63  
qu (MPa) mass   
α (Ultimate OR Max) 0.73  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.469  
z (mm) peak 7.87  
fs (MPa) ultimate 0.459  
z (mm) ultimate 35.56  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.188 Based on slope of the tangent 






Table B45.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale and limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.95  
Shear length, l (m) 1.83  
Depth (m), LGS 5.6  
Depth (m) LTOR 5.6  
Head (m) concrete 3.045  
qu (MPa) intact 0.92  
qu (MPa) mass   
α (Ultimate OR Max) 0.39  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.363  
z (mm) peak 16.25  
fs (MPa) ultimate 0.301  
z (mm) ultimate 35.56  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.09 Based on slope of the tangent 






Table B45.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG6-top  
Lithology Shale and limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.95  
Shear length, l (m) 2.13  
Depth (m), LGS 3.62  
Depth (m) LTOR 3.62  
Head (m) concrete 1.065  
qu (MPa) intact 0.87  
qu (MPa) mass   
α (Ultimate OR Max) 0.34  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.301  
z (mm) peak 35.56  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.08 Based on slope of the tangent 






Table B45.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-tip  
Lithology Shale and limestone  
mi 8.5 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.95  
Shear length, l (m) 1.4  
Depth (m), LGS 12.5  
Depth (m) LTOR 12.5  
Head (m) concrete 9.94  
qu (MPa) intact 2.12  
qu (MPa) mass   
α (Ultimate OR Max) 0.288  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.612  
z (mm) peak 3.048  
fs (MPa) ultimate 0.545  
z (mm) ultimate 4.57  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.4 Based on slope of the tangent 






Table B45.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG4  
L1 (mm) 0.71  
q1 (MPa) 0.377  
L2 (mm) 16.5  
q2 (MPa) 0.852  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG4-SG5  
L1 (mm) 2.79  
q1 (MPa) 0.316  
L2 (mm) 7.87  
q2 (MPa) 0.469  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG5-SG6  
L1 (mm) 2.79  
q1 (MPa) 0.191  
L2 (mm) 12.7  
q2 (MPa) 0.354  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG6-top  
L1 (mm) 1.524  
q1 (MPa) 0.121  
L2 (mm) 16.51  
q2 (MPa) 0.268  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-tip  
L1 (mm) 0.889  
q1 (MPa) 0.359  
L2 (mm) 1.77  





Table B45.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Ocell-SG4  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0022 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG4-SG5  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0037 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG5-SG6  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0088 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG6-top  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0109 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-tip  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 
initial shear stiffness 
1732
 






Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Double flight bullet tooth 
auger and core barrel 
 
Slurry N/A  
Concrete placement method Tremie method  
Concrete slump (mm) 140 to 178  
f’c (MPa) 41.4  
Concrete modulus, Ec (GPa)   








Ocell- SG4: Quivera shale and Drum limestone.  Gray shale and fissile dark gray shale and gray 
limestone 
 
SG4-SG5: Chanute Formation; silty gray Claystone to sandy shale 
 
SG5-SG6: Chanute formation; silty gray Claystone to sandy shale 
 
SG6-top: Chanute shale 
 
SG1-tip: Wea shale; bluish gray silty shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 























Side Local Displacement 
(mm) 





















Side Local Displacement 
(mm) 





















Side Local Displacement 
(mm) 





















Side Local Displacement 
(mm) 














B46: Load Test SR46 
 
 
Pile No.: Waverly Site 
Database ID No.: SR46 
Original Reference: Miller (2003) 
 
Table B46.1 Load test results 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG2  
Lithology Clay shale and silt shale  
mi 10 Hoek et al (1995) 




Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.98  
Shear length, l (m) 3.35  
Depth (m), LGS 20.86  
Depth (m) LTOR 11.71  
Head (m) concrete 17.81  
qu (MPa) intact 0.89  
qu (MPa) mass   
α (Ultimate OR Max) 0.6  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.536  
z (mm) max 1.09  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.5 Based on slope of the tangent 






Table B46.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Clay shale and silt shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1432 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.35 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.98  
Shear length, l (m) 3.04  
Depth (m), LGS 17.65  
Depth (m) LTOR 8.5  
Head (m) concrete 14.6  
qu (MPa) intact 2.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.126  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.296  
z (mm) max 1.06  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.25 Based on slope of the tangent 






Table B46.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Clay shale and silt shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
413 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.98  
Shear length, l (m) 4.57  
Depth (m), LGS 13.84  
Depth (m) LTOR 4.69  
Head (m) concrete 10.79  
qu (MPa) intact 0.47  
qu (MPa) mass   
α (Ultimate OR Max) 0.18  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.085  
z (mm) max 1.06  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.08 Based on slope of the tangent 






Table B46.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-zero  
Lithology Silt shale and clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
363 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.98  
Shear length, l (m) 2.41  
Depth (m), LGS 10.35  
Depth (m) LTOR 1.2  
Head (m) concrete 7.03  
qu (MPa) intact 0.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.197  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.085  
z (mm) max 1.06  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.08 Based on slope of the tangent 






Table B46.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing Permanent Tip depth from GS (m) = 9.15 
Drill bit type Bullet tooth rock auger and 
core barrel 
 
Slurry Super mud  
Concrete placement method Tremie method  
Concrete slump (mm) 195  
f’c (MPa) 51.8  
Concrete modulus, Ec (GPa)   








Ocell-SG2: Weir formation; black carbonaceous shale 
 
SG2-SG3: Weir formation; black shale and Waverly coal bed 
 
SG3-SG4: Weir formation; gray clay shale, gray silt shale and gray Claystone 
 
SG4-zero: Weir formation; gray to purpose Claystone and green-gray clay shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 





















Side Local Displacement 
(mm) 















Table B46.4 Load-transfer function (t-z) 
 
SG3-SG4 and SG4-zero 
 
Side Local Displacement 
(mm) 












B47: Load Test SR47 
 
 
Pile No.: Caisson 4 
Database ID No.: SR47 
Original Reference: Matich and Kozicki (1967) 
 
Table B47.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Pullout test 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
150 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.61  
Shear length, l (m) 6  
Depth (m), LGS 16.11  
Depth (m) LTOR 6.97  
Head (m) concrete 16.11  
qu (MPa) intact 0.478  
qu (MPa) mass   
α (Ultimate OR Max) 0.66  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.316  
z (mm) max 17.78  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.051 Based on slope of the tangent 






Table B47.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.762  
q1 (MPa) 0.0387  
L2 (mm) 10.16  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.02 May be used for calculation of 







Item Value  Comments 
Socket construction method Not reported  
Casing Permanent Tip depth from GS (m) = 
13.11 
Drill bit type Auger Roughened 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Reddish brown to gray shale 
Frequent weathered zones 
Massive structure 
Bedding occurs at dips of up t 70 degrees 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  






Table B47.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B48: Load Test SR48 
 
 
Pile No.: Test shaft 1 
Database ID No.: SR48 
Original Reference: Geoke and Hustad (1980) 
 
Table B48.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 22 ft. (6.71 m)  
Lithology Clay-shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
160 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 1.83  
Depth (m), LGS 6.71  
Depth (m) LTOR 3.97  
Head (m) concrete 6.71  
qu (MPa) intact 0.318  
qu (MPa) mass   
α (Ultimate OR Max) 0.69  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.22  
z (mm) peak 4.31  
fs (MPa) ultimate 0.23  
z (mm) ultimate 8.38  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.075 Based on slope of the tangent 






Table B48.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 28 ft. (8.53 m)  
Lithology Clay-shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
391 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 1.83  
Depth (m), LGS 8.53  
Depth (m) LTOR 5.79  
Head (m) concrete 8.53  
qu (MPa) intact 0.699  
qu (MPa) mass   
α (Ultimate OR Max) 0.711  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.497  
z (mm) peak 4.064  
fs (MPa) ultimate 0.497  
z (mm) ultimate 8.12  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.2 Based on slope of the tangent 






Table B48.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 22 ft.  
L1 (mm) 1.24  
q1 (MPa) 0.0967  
L2 (mm) 5.84  
q2 (MPa) 0.229  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 28 ft.  
L1 (mm) 1.11  
q1 (MPa) 0.21  
L2 (mm) 4.064  




Item Value  Comments 
Strain gauge level 22 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.82  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0112 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 28 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0044 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated dry  
Casing Isolated to a depth of 3.35 m Tip depth from GS (m) =  
Drill bit type Rock auger  
Slurry N/A  
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B48.2 Load-transfer function (t-z) 
 
Depth at 22 ft. 
 
Side Local Displacement 
(mm) 




















Table B48.3 Load-transfer function (t-z) 
 
Depth at 28 ft. 
 
Side Local Displacement 
(mm) 



















B49: Load Test SR49 
 
 
Pile No.: Test shaft 2 
Database ID No.: SR49 
Original Reference: Geoke and Hustad (1980) 
 
Table B49.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 20 ft. (6.1 m)  
Lithology Clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
286 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 3.8  
Depth (m), LGS 6.1  
Depth (m) LTOR 3.36  
Head (m) concrete 6.1  
qu (MPa) intact 0.318  
qu (MPa) mass   
α (Ultimate OR Max) 0.56  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.18  
z (mm) max 8.38  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B49.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 30 ft. (9.14 m)  
Lithology Clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
299 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 3.8  
Depth (m), LGS 9.14  
Depth (m) LTOR 6.4  
Head (m) concrete 9.14  
qu (MPa) intact 0.81  
qu (MPa) mass   
α (Ultimate OR Max) 0.4  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.325  
z (mm) peak 7.36  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B49.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 20 ft.  
L1 (mm) 0.68  
q1 (MPa) 0.0689  
L2 (mm) 4.31  
q2 (MPa) 0.151  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 30 to 35 ft.  
L1 (mm) 2.032  
q1 (MPa) 0.212  
L2 (mm) 5.08  




Item Value  Comments 
Strain gauge level 20 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0064 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 30 to 35 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0067 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated dry  
Casing Isolated to a depth of 3.35 m Tip depth from GS (m) =  
Drill bit type Rock auger  
Slurry N/A  
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   






Gray shale with seams of limestone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B49.2 Load-transfer function (t-z) 
 
Depth of 20 ft. 
 
Side Local Displacement 
(mm) 


















Table B49.3 Load-transfer function (t-z) 
 
Depth of 30 to 35 ft. 
 
Side Local Displacement 
(mm) 



















B50: Load Test SR50 
 
 
Pile No.: East Tension Pile 
Database ID No.: SR50 
Original Reference: Wilson (1976) 
 
Table B50.1 Load test results 
 
Item Value  Comments 
Load test type Conventional tension test  
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
109 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.9  
Shear length, l (m) 1  
Depth (m), LGS 5.5  
Depth (m) LTOR 2.5  
Head (m) concrete 5.5  
qu (MPa) intact 1.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.083  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.1198  
z (mm) peak 2.81  
fs (MPa) ultimate 0.0962  
z (mm) ultimate 31.38  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.04263 Based on slope of the tangent 






Table B50.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.8  
q1 (MPa) 0.105  
L2 (mm) 2.81  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0091 May be used for calculation of 







Item Value  Comments 
Socket construction method Not reported  
Casing Permanent Tip depth from GS (m) = 5m 
Drill bit type Auger  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Mudstone, fine grained, dark gray 
Occasional vertical joints 
Not indurated 
Bedding planes that are dipping at only few degrees 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B50.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B51: Load Test SR51 
 
 
Pile No.: West Tension Pile 
Database ID No.: SR51 
Original Reference: Wilson (1976) 
 
Table B51.1 Load test results 
 
Item Value  Comments 
Load test type Conventional tension test  
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
394 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.9  
Shear length, l (m) 1  
Depth (m), LGS 5.5  
Depth (m) LTOR 2.5  
Head (m) concrete 5.5  
qu (MPa) intact 1.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.128  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.182  
z (mm) max 12.31  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.06 Based on slope of the tangent 






Table B51.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.77  
q1 (MPa) 0.111  
L2 (mm) 4.4  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0089 May be used for calculation of 







Item Value  Comments 
Socket construction method Not reported  
Casing Permanent Tip depth from GS (m) = 5m 
Drill bit type Auger  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Mudstone, fine grained, dark gray 
Occasional vertical joints 
Not indurated 
Bedding planes that are dipping at only few degrees 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   






Table B51.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B52: Load Test SR52 
 
 
Pile No.: Test Pier 1 
Database ID No.: SR52 
Original Reference: Horvath (1982) 
 
Table B52.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down Void at the base 
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
485 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 1.37  
Depth (m), LGS 1.285  
Depth (m) LTOR 1.285  
Head (m) concrete 1.685  
qu (MPa) intact 5.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.281  
Measured roughness (mm) 12.7  
Mobilized roughness (mm)   
fs (MPa) max 1.528  
z (mm) max 26  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.287 Based on slope of the tangent 






Table B52.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.91  
q1 (MPa) 0.539  
L2 (mm) 11.15  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0027 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent (spacing between 
the casing and the surrounding 
soil filled with bentonite 
Tip depth from GS (m) =  
Drill bit type Single flight helical auger  
Slurry   
Concrete placement method Not reported Vibrated 
Concrete slump (mm) 203  
f’c (MPa) 48.8  
Concrete modulus, Ec (GPa) 30.6  








Mudstone (from Queenston formation) 
Most joints are horizontal and iron stained 
Jointing is not well defined 
Spacing of joints is 0.5 to 1 m 
Rock mass becomes massive with depth 
Some joints are filled with clay soil 
Joints could be weathered by water flow 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair to Good  






Table B52.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 


















B53: Load Test SR53 
 
 
Pile No.: Test Pier 2 
Database ID No.: SR53 
Original Reference: Horvath (1982) 
 
Table B53.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load cell at the base 
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
371 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 1.37  
Depth (m), LGS 1.285  
Depth (m) LTOR 1.285  
Head (m) concrete 1.685  
qu (MPa) intact 11.1  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm) 8.9  
Mobilized roughness (mm)   
fs (MPa) max 2.657  
z (mm) max 21.06  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.2 Based on slope of the tangent 






Table B53.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.38  
q1 (MPa) 0.899  
L2 (mm) 15.81  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.82  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0047 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Bottom cleaned and load cell 
placed 
Casing Permanent (spacing between 
the casing and the surrounding 
soil filled with bentonite 
Tip depth from GS (m) =  
Drill bit type Single flight helical auger  
Slurry   
Concrete placement method Not reported Vibrated 
Concrete slump (mm) 51  
f’c (MPa) 51.6  
Concrete modulus, Ec (GPa) 37.6  








Mudstone (from Queenston formation) 
Most joints are horizontal and iron stained 
Jointing is not well defined 
Spacing of joints is 0.5 to 1 m 
Rock mass becomes massive with depth 
Some joints are filled with clay soil 
Joints could be weathered by water flow 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair to Good  






Table B53.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B54: Load Test SR54 
 
 
Pile No.: Test Pier 3 
Database ID No.: SR54 
Original Reference: Horvath (1982) 
 
Table B54.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down Void at the base 
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
319 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 1.37  
Depth (m), LGS 1.285  
Depth (m) LTOR 1.285  
Head (m) concrete 1.685  
qu (MPa) intact 5.63  
qu (MPa) mass   
α (Ultimate OR Max) 0.378  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.13  
z (mm) peak 26.24  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.166 Based on slope of the tangent 






Table B54.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 5.79  
q1 (MPa) 1.024  
L2 (mm) 17.19  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.93  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.004 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Bottom cleaned and load cell 
placed 
Casing Permanent (spacing between 
the casing and the surrounding 
soil filled with bentonite 
Tip depth from GS (m) =  
Drill bit type Single flight helical auger Grooves were cut into the 
socket 
Slurry   
Concrete placement method Not reported Vibrated 
Concrete slump (mm) 50  
f’c (MPa) 47  
Concrete modulus, Ec (GPa) 30  








Mudstone (from Queenston formation) 
Most joints are horizontal and iron stained 
Jointing is not well defined 
Spacing of joints is 0.5 to 1 m 
Rock mass becomes massive with depth 
Some joints are filled with clay soil 
Joints could be weathered by water flow 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair to Good  






Table B54.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 

















B55: Load Test SR55 
 
 
Pile No.: Test Pier 4 
Database ID No.: SR55 
Original Reference: Horvath (1982) 
 
Table B55.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load cell at the base 
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
723 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 1.37  
Depth (m), LGS 1.285  
Depth (m) LTOR 1.285  
Head (m) concrete 1.685  
qu (MPa) intact 5.53  
qu (MPa) mass   
α (Ultimate OR Max) 0.46  
Measured roughness (mm) 25.8  
Mobilized roughness (mm)   
fs (MPa) max 2.562  
z (mm) max 11  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.4 Based on slope of the tangent 






Table B55.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.66  
q1 (MPa) 0.664  
L2 (mm) 4.12  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.93  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0025 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Bottom cleaned and load cell 
placed 
Casing Permanent (spacing between 
the casing and the surrounding 
soil filled with bentonite 
Tip depth from GS (m) =  
Drill bit type Single flight helical auger Grooves were cut into the 
socket 
Slurry   
Concrete placement method Not reported Vibrated 
Concrete slump (mm) 25  
f’c (MPa) 52.8  
Concrete modulus, Ec (GPa) 41.6  








Mudstone (from Queenston formation) 
Most joints are horizontal and iron stained 
Jointing is not well defined 
Spacing of joints is 0.5 to 1 m 
Rock mass becomes massive with depth 
Some joints are filled with clay soil 
Joints could be weathered by water flow 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair to Good  






Table B55.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B56: Load Test SR56 
 
 
Pile No.: Test Pier 5 
Database ID No.: SR56 
Original Reference: Horvath (1982) 
 
Table B56.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
278 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 1.37  
Depth (m), LGS 1.285  
Depth (m) LTOR 1.285  
Head (m) concrete 1.685  
qu (MPa) intact 10.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.154  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.596  
z (mm) max 11.84  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.25 Based on slope of the tangent 






Table B56.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 6.27  
q1 (MPa) 0.965  
L2 (mm) 7.59  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Bottom cleaned and load cell 
placed 
Casing Permanent (spacing between 
the casing and the surrounding 
soil filled with bentonite 
Tip depth from GS (m) =  
Drill bit type Single flight helical auger Grooves were cut into the 
socket 
Slurry   
Concrete placement method Not reported Vibrated 
Concrete slump (mm)   
f’c (MPa) 51.6  
Concrete modulus, Ec (GPa) 37.6  








Mudstone (from Queenston formation) 
Most joints are horizontal and iron stained 
Jointing is not well defined 
Spacing of joints is 0.5 to 1 m 
Rock mass becomes massive with depth 
Some joints are filled with clay soil 
Joints could be weathered by water flow 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair to Good  






Table B56.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B57: Load Test SR57 
 
 
Pile No.: Test Pier 6 
Database ID No.: SR57 
Original Reference: Horvath (1982) 
 
Table B57.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down Void at the base 
Strain gauge level Socket  
Lithology Mudstone  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
733 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 1.37  
Depth (m), LGS 1.285  
Depth (m) LTOR 1.285  
Head (m) concrete 1.685  
qu (MPa) intact 10.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.239  
Measured roughness (mm) 31.55  
Mobilized roughness (mm)   
fs (MPa) max 2.48  
z (mm) max 8.1  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.416 Based on slope of the tangent 






Table B57.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.7  
q1 (MPa) 1.096  
L2 (mm) 6.23  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.77  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0015 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Bottom cleaned and load cell 
placed 
Casing Permanent (spacing between 
the casing and the surrounding 
soil filled with bentonite 
Tip depth from GS (m) =  
Drill bit type Single flight helical auger Grooves were cut into the 
socket 
Slurry   
Concrete placement method Not reported Vibrated 
Concrete slump (mm) 76  
f’c (MPa) 43.6  
Concrete modulus, Ec (GPa) 31.6  








Mudstone (from Queenston formation) 
Most joints are horizontal and iron stained 
Jointing is not well defined 
Spacing of joints is 0.5 to 1 m 
Rock mass becomes massive with depth 
Some joints are filled with clay soil 
Joints could be weathered by water flow 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Fair to Good  






Table B57.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B58: Load Test SR58 
 
 
Pile No.: North Reaction Shaft 
Database ID No.: SR58 
Original Reference: Sheikh et al. (1985) 
 
Table B58.1 Load test results 
 
Item Value  Comments 
Load test type Conventional tension test Load applied at the top of 
shaft 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
549 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.23  
Shear length, l (m) 5.39  
Depth (m), LGS 6.54  
Depth (m) LTOR 2.69  
Head (m) concrete 6.54  
qu (MPa) intact 0.8  
qu (MPa) mass   
α (Ultimate OR Max) 0.126  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.101  
z (mm) peak 3.2  
fs (MPa) ultimate 0.111  
z (mm) ultimate 13.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.116 Based on slope of the tangent 






Table B58.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.457  
q1 (MPa) 0.0533  
L2 (mm) 3.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0034 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Tremie was not used Vibrated 
Concrete slump (mm) 171  
f’c (MPa) 20.69  
Concrete modulus, Ec (GPa)   








Compact shale (Eagle Ford formation) 
Horizontally laminated 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B58.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B59: Load Test SR59 
 
 
Pile No.: South Reaction Shaft 
Database ID No.: SR59 
Original Reference: Sheikh et al. (1985) 
 
Table B59.1 Load test results 
 
Item Value  Comments 
Load test type Conventional tension test Load applied at the top of 
shaft 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2986 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.23  
Shear length, l (m) 5.39  
Depth (m), LGS 6.54  
Depth (m) LTOR 2.69  
Head (m) concrete 6.54  
qu (MPa) intact 0.8  
qu (MPa) mass   
α (Ultimate OR Max) 0.126  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.101  
z (mm) max 1.98  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.628 Based on slope of the tangent 






Table B59.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.0508  
q1 (MPa) 0.032  
L2 (mm) 0.635  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0024 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Tremie was not used Vibrated 
Concrete slump (mm) 171  
f’c (MPa) 20.69  
Concrete modulus, Ec (GPa)   








Compact shale (Eagle Ford formation) 
Horizontally laminated 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B59.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B60: Load Test SR60 
 
 
Pile No.: Wendte Site 
Database ID No.: SR60 
Original Reference: Bump et al. (1971) 
 
Table B60.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Test shaft  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
98.6 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.457  
Shear length, l (m) 6.21  
Depth (m), LGS 3.1  
Depth (m) LTOR 3.1  
Head (m) concrete 3.1  
qu (MPa) intact 0.523  
qu (MPa) mass   
α (Ultimate OR Max) 0.27  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate 0.142  
z (mm) ultimate 22.52  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.028 Based on slope of the tangent 






Table B60.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Test shaft  
L1 (mm) 2.34  
q1 (MPa) 0.0739  
L2 (mm) 12.75  




Item Value  Comments 
Strain gauge level Test shaft  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0192 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B60.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 

















B61: Load Test SR61 
 
 
Pile No.: Okaton Site 
Database ID No.: SR61 
Original Reference: Bump et al. (1971) 
 
Table B61.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1928 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.4572  
Shear length, l (m) 6.09  
Depth (m), LGS 3.045  
Depth (m) LTOR 3.045  
Head (m) concrete 3.045  
qu (MPa) intact 0.32  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.077  
z (mm) peak 7.2  
fs (MPa) ultimate 0.08  
z (mm) ultimate 11.88  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.64 Based on slope of the tangent 






Table B61.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.073  
q1 (MPa) 0.0467  
L2 (mm) 7.23  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Shale from Pierre shale formation 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B61.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 














B62: Load Test SR62 
 
 
Pile No.: Wall Site 
Database ID No.: SR62 
Original Reference: Bump et al. (1971) 
 
Table B62.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Silt and clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
240 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.4572  
Shear length, l (m) 3.96  
Depth (m), LGS 4.11  
Depth (m) LTOR 1.98  
Head (m) concrete 4.11  
qu (MPa) intact 0.25  
qu (MPa) mass   
α (Ultimate OR Max) 0.89  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.223  
z (mm) peak 14.73  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.106 Based on slope of the tangent 






Table B62.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.762  
q1 (MPa) 0.0927  
L2 (mm) 6.93  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0057 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Light colored silt and clay with sandstone filling 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B62.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 


















B63: Load Test SR63 
 
 
Pile No.: Pierre Site - DS1 
Database ID No.: SR63 
Original Reference: Bump et al. (1971) 
 
Table B63.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
54 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.457  
Shear length, l (m) 3.2  
Depth (m), LGS 1.6  
Depth (m) LTOR 1.6  
Head (m) concrete 1.6  
qu (MPa) intact 0.078  
qu (MPa) mass   
α (Ultimate OR Max) 1.61  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.126  
z (mm) max 18.05  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.03 Based on slope of the tangent 






Table B63.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.18  
q1 (MPa) 0.0653  
L2 (mm) 13.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.027 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Pierre shale – top layer weathered over unweathered material 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B63.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 













B64: Load Test SR64 
 
 
Pile No.: Pierre Site - DS2 
Database ID No.: SR64 
Original Reference: Bump et al. (1971) 
 
Table B64.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
140 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.457  
Shear length, l (m) 6  
Depth (m), LGS 3  
Depth (m) LTOR 3  
Head (m) concrete 3  
qu (MPa) intact 0.624  
qu (MPa) mass   
α (Ultimate OR Max) 0.29  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.181  
z (mm) max 15.39  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.05 Based on slope of the tangent 






Table B64.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.98  
q1 (MPa) 0.092  
L2 (mm) 5.18  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0141 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Pierre shale formation 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B64.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B65: Load Test SR65 
 
 
Pile No.: Pierre Site – DS3 
Database ID No.: SR65 
Original Reference: Bump et al. (1971) 
 
Table B65.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
71 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.2032  
Shear length, l (m) 3.04  
Depth (m), LGS 1.52  
Depth (m) LTOR 1.52  
Head (m) concrete 1.52  
qu (MPa) intact 0.155  
qu (MPa) mass   
α (Ultimate OR Max) 0.67  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.105  
z (mm) peak 6.096  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.05 Based on slope of the tangent 






Table B65.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.44  
q1 (MPa) 0.0678  
L2 (mm) 2.51  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.68  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0163 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Pierre shale formation 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B65.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B66: Load Test SR66 
 
 
Pile No.: Pierre Site – DS4 
Database ID No.: SR66 
Original Reference: Bump et al. (1971) 
 
Table B66.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down Void at the base 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
95 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.2032  
Shear length, l (m) 3.04  
Depth (m), LGS 1.52  
Depth (m) LTOR 1.52  
Head (m) concrete 1.52  
qu (MPa) intact 5.19  
qu (MPa) mass   
α (Ultimate OR Max) 0.016  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.083  
z (mm) max 2.59  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.032 Based on slope of the tangent 






Table B66.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Pierre shale formation (weathered shale) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B66.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 












B67: Load Test SR67 
 
 
Pile No.: Pierre Site – DS5 
Database ID No.: SR67 
Original Reference: Bump et al. (1971) 
 
Table B67.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
91 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.1143  
Shear length, l (m) 3.04  
Depth (m), LGS 1.52  
Depth (m) LTOR 1.52  
Head (m) concrete 1.52  
qu (MPa) intact 0.237  
qu (MPa) mass   
α (Ultimate OR Max) 0.61  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.145  
z (mm) peak 13.2  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.05 Based on slope of the tangent 






Table B67.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.87  
q1 (MPa) 0.0991  
L2 (mm) 2.69  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.0098  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.97 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Pierre shale formation (weathered shale) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B67.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B68: Load Test SR68 
 
 
Pile No.: Pierre Site – DS6 
Database ID No.: SR68 
Original Reference: Bump et al. (1971) 
 
Figure B68.1 Load-transfer function (t-z) 
 
Item Value  Comments 
Load test type Conventional top down Void at the base 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
95 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.1143  
Shear length, l (m) 3.04  
Depth (m), LGS 1.52  
Depth (m) LTOR 1.52  
Head (m) concrete 1.52  
qu (MPa) intact 0.256  
qu (MPa) mass   
α (Ultimate OR Max) 0.57  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.146  
z (mm) peak 5.35  
fs (MPa) ultimate 0.118  
z (mm) ultimate 12.64  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.06 Based on slope of the tangent 






Table B68.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.98  
q1 (MPa) 0.123  
L2 (mm) 5.35  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.61  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0133 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Pierre shale formation (weathered shale) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B68.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B69: Load Test SR69 
 
 
Pile No.: Montopolis Site 
Database ID No.: SR69 
Original Reference: Reese and Hudson (1968) 
 
Table B69.1 Load test results 
 
Item Value  Comments 
Load test type Conventional top down  
Strain gauge level Socket  
Lithology Tan hard clay  
mi 0.609 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
716 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.609  
Shear length, l (m) 3.65  
Depth (m), LGS 1.825  
Depth (m) LTOR 1.825  
Head (m) concrete 2.231  
qu (MPa) intact 0.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.267  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.133  
z (mm) peak 7.39  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.287 Based on slope of the tangent 






Table B69.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.155  
q1 (MPa) 0.0446  
L2 (mm) 3.35  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0044 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Hard tan clay 
Water content near plastic limit 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B69.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 












B70: Load Test SR70 
 
 
Pile No.: Newberry Site, Plug 1 
Database ID No.: SR70 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B70.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
9.9 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.147  
Shear length, l (m) 0.304  
Depth (m), LGS 1.522  
Depth (m) LTOR 1.522  
Head (m) concrete 0.152  
qu (MPa) intact 11.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.119  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.364  
z (mm) peak 21.84  
fs (MPa) ultimate 1.22  
z (mm) ultimate 27.4  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.12 Based on slope of the tangent 






Table B70.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 19.05  
q1 (MPa) 1.233  
L2 (mm) 21.84  




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by filling a container 
and lowering it into the hole 
 
Concrete slump (mm)   
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Limestone, chalky to shelly 
No vertical joint set 
Uniform 
Horizontally bedded with very minor dips 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  






Table B70.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




































B71: Load Test SR71 
 
 
Pile No.: Newberry, Plug 2 
Database ID No.: SR71 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B71.1 Load test results 
 
Item Value  Comments 
Load test type Pullout test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
451 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.1905  
Shear length, l (m) 0.304  
Depth (m), LGS 2.042  
Depth (m) LTOR 2.042  
Head (m) concrete 0.152  
qu (MPa) intact 9.57  
qu (MPa) mass   
α (Ultimate OR Max) 0.181  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.733  
z (mm) peak 2.2  
fs (MPa) ultimate 0.919  
z (mm) ultimate 22.22  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.787 Based on slope of the tangent 






Table B71.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.2  
q1 (MPa) 1.733  
L2 (mm) 2.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Chalky to shelly limestone 
No vertical joint sets 
Uniform geomaterial 
Horizontally bedded with minor dips 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  






Table B71.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 























































B72: Load Test SR72 
 
 
Pile No.: Newberry Site, Plug 3 
Database ID No.: SR72 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B72.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1242 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.152  
Shear length, l (m) 0.914  
Depth (m), LGS 4.457  
Depth (m) LTOR 4.457  
Head (m) concrete 0.457  
qu (MPa) intact 9.62  
qu (MPa) mass   
α (Ultimate OR Max) 0.194  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.867  
z (mm) peak 7.16  
fs (MPa) ultimate 1.235  
z (mm) ultimate 24.1  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.38 Based on slope of the tangent 






Table B72.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.66  
q1 (MPa) 1.298  
L2 (mm) 4.11  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.86  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0004 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Chalky to shelly limestone 
No vertical joint sets 
Uniform geomaterial 
Horizontally bedded with minor dips 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  







Table B72.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 























B73: Load Test SR73 
 
 
Pile No.: Newberry Site, Plug 4 
Database ID No.: SR73 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B73.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
652 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.183  
Shear length, l (m) 0.341  
Depth (m), LGS 2.77  
Depth (m) LTOR 2.77  
Head (m) concrete 0.17  
qu (MPa) intact 9.62  
qu (MPa) mass   
α (Ultimate OR Max) 0.3  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.886  
z (mm) peak 4.57  
fs (MPa) ultimate 1.81  
z (mm) ultimate 21.41  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.015 Based on slope of the tangent 






Table B73.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.38  
q1 (MPa) 2.416  
L2 (mm) 4.57  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Chalky to shelly limestone 
No vertical joint sets 
Uniform geomaterial 
Horizontally bedded with minor dips 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  







Table B73.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





























B74: Load Test SR74 
 
 
Pile No.: Newberry Site, Plug 5 
Database ID No.: SR74 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B74.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.164  
Shear length, l (m) 0.71  
Depth (m), LGS 2.115  
Depth (m) LTOR 2.115  
Head (m) concrete 0.355  
qu (MPa) intact 10.72  
qu (MPa) mass   
α (Ultimate OR Max) 0.211  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate 2.314  
z (mm) ultimate 4.16  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.935 Based on slope of the tangent 






Table B74.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 3.3  
q1 (MPa) 1.936  
L2 (mm) 3.68  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Chalky to shelly limestone 
No vertical joint sets 
Uniform geomaterial 
Horizontally bedded with minor dips 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  





Table B74.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 































B75: Load Test SR75 
 
 
Pile No.: Gulf Hammock, Plug 1 
Database ID No.: SR75 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B75.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Dolomite  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
310 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.146  
Shear length, l (m) 0.38  
Depth (m), LGS 4.03  
Depth (m) LTOR 4.03  
Head (m) concrete 0.19  
qu (MPa) intact 4.77  
qu (MPa) mass   
α (Ultimate OR Max) 0.32  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.528  
z (mm) peak 7.13  
fs (MPa) ultimate 1.578  
z (mm) ultimate 21.74  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.684 Based on slope of the tangent 






Table B75.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.93  
q1 (MPa) 1.32  
L2 (mm) 7.13  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0001 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Chalky to shelly limestone 
No vertical joint sets 
Uniform geomaterial 
Horizontally bedded with minor dips 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  






Table B75.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B76: Load Test SR76 
 
 
Pile No.: Gulf Hammock, Plug 2 
Database ID No.: SR76 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B76.1 Load test results 
 
Item Value  Comments 
Load test type Pull out tet  
Strain gauge level Socket  
Lithology Dolomite  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
851 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.146  
Shear length, l (m) 0.59  
Depth (m), LGS 3.245  
Depth (m) LTOR 3.245  
Head (m) concrete 0.295  
qu (MPa) intact 4.83  
qu (MPa) mass   
α (Ultimate OR Max) 0.306  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.478  
z (mm) peak 2.76  
fs (MPa) ultimate 1.295  
z (mm) ultimate 21.74  
Initial shear stiffness, Ksi 
(MPa/mm) 
3.645 Based on slope of the tangent 






Table B76.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.711  
q1 (MPa) 1.167  
L2 (mm) 2.76  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Tan to brown, thin bedded, laminated dolomite 
Horizontally bedded 
RQD > 80% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  







Table B76.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 























B77: Load Test SR77 
 
 
Pile No.: Gulf Hammock, Plug 3 
Database ID No.: SR77 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B77.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Dolomite  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
199 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.146  
Shear length, l (m) 0.228  
Depth (m), LGS 4.314  
Depth (m) LTOR 4.314  
Head (m) concrete 0.114  
qu (MPa) intact 4.13  
qu (MPa) mass   
α (Ultimate OR Max) 0.34  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.417  
z (mm) peak 2.54  
fs (MPa) ultimate 0.804  
z (mm) ultimate 17.78  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.558 Based on slope of the tangent 






Table B77.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.54  
q1 (MPa) 1.417  
L2 (mm) 2.54  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00002 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Tan to brown, thin bedded, laminated dolomite 
Horizontally bedded 
RQD > 80% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  






Table B77.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 























B78: Load Test SR78 
 
 
Pile No.: Gulf Hammock, Plug 5 
Database ID No.: SR78 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B78.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Dolomite  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
6717 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.146  
Shear length, l (m) 0.61  
Depth (m), LGS 2.225  
Depth (m) LTOR 2.225  
Head (m) concrete 0.305  
qu (MPa) intact 36.36  
qu (MPa) mass   
α (Ultimate OR Max) 0.099  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.611  
z (mm) peak 0.73  
fs (MPa) ultimate 3.611  
z (mm) ultimate 2.59  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.01479 Based on slope of the tangent 






Table B78.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.203  
q1 (MPa) 2.737  
L2 (mm) 0.736  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.34  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00008 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Tan to brown, thin bedded, laminated dolomite 
Horizontally bedded 
RQD > 80% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  





Table B78.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
































B79: Load Test SR79 
 
 
Pile No.: Gulf Hammock, Plug 9 
Database ID No.: SR79 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B79.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Dolomite  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1056 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.146  
Shear length, l (m) 0.61  
Depth (m), LGS 3.31  
Depth (m) LTOR 3.31  
Head (m) concrete 0.305  
qu (MPa) intact 5.26  
qu (MPa) mass   
α (Ultimate OR Max) 0.318  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.674  
z (mm) peak 2.81  
fs (MPa) ultimate 1.438  
z (mm) ultimate 25.06  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.121 Based on slope of the tangent 






Table B79.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.736  
q1 (MPa) 1.561  
L2 (mm) 2.81  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00003 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Tan to brown, thin bedded, laminated dolomite 
Horizontally bedded 
RQD > 80% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure Blocky  
Surface Condition Good to Fair  






Table B79.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





























B80: Load Test SR80 
 
 
Pile No.: Dadeland North Miami, Plug 1 
Database ID No.: SR80 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B80.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
47.6 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.152  
Shear length, l (m) 0.6  
Depth (m), LGS 9.56  
Depth (m) LTOR 9.56  
Head (m) concrete 0.3  
qu (MPa) intact 4.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.196  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.871  
z (mm) peak 16.07  
fs (MPa) ultimate 0.836  
z (mm) ultimate 25.88  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B80.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 8.17  
q1 (MPa) 0.794  
L2 (mm) 16.07  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.62  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0085 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B80.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B81: Load Test SR81 
 
 
Pile No.: Dadeland North Miami, Plug 2 
Database ID No.: SR81 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B81.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Sandy limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.152  
Shear length, l (m) 0.76  
Depth (m), LGS 17.28  
Depth (m) LTOR 17.28  
Head (m) concrete 0.38  
qu (MPa) intact 4.42  
qu (MPa) mass   
α (Ultimate OR Max) 0.17  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.761  
z (mm) peak 6.47  
fs (MPa) ultimate 0.734  
z (mm) ultimate 17.95  
Initial shear stiffness, Ksi 
(MPa/mm) 
4.363 Based on slope of the tangent 






Table B81.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.17  
q1 (MPa) 0.741  
L2 (mm) 0.17  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B81.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





















B82: Load Test SR82 
 
 
Pile No.: Dadeland North Miami, Plug 3 
Database ID No.: SR82 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B82.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.152  
Shear length, l (m) 0.48  
Depth (m), LGS 14.81  
Depth (m) LTOR 14.81  
Head (m) concrete 0.24  
qu (MPa) intact 4.4  
qu (MPa) mass   
α (Ultimate OR Max) 0.52  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 2.321  
z (mm) max 0.439  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
N/A Based on slope of the tangent 






Table B82.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.0025  
q1 (MPa) 1.741  
L2 (mm) 0.292  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B82.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B83: Load Test SR83 
 
 
Pile No.: Miami Metromover, Plug 1 
Database ID No.: SR83 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B83.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
147 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.116  
Shear length, l (m) 1.92  
Depth (m), LGS 4.77  
Depth (m) LTOR 4.77  
Head (m) concrete 0.96  
qu (MPa) intact 1.04  
qu (MPa) mass   
α (Ultimate OR Max) 0.57  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.593  
z (mm) peak 6.07  
fs (MPa) ultimate 0.451  
z (mm) ultimate 14.19  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.15 Based on slope of the tangent 






Table B83.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.71  
q1 (MPa) 0.413  
L2 (mm) 6.07  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.93  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0033 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B83.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















B84: Load Test SR84 
 
 
Pile No.: Miami Metromover, Plug 2 
Database ID No.: SR84 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B84.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
149 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.116  
Shear length, l (m) 1.92  
Depth (m), LGS 4.77  
Depth (m) LTOR 4.77  
Head (m) concrete 0.96  
qu (MPa) intact 1.04  
qu (MPa) mass   
α (Ultimate OR Max) 0.419  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.436  
z (mm) peak 5.82  
fs (MPa) ultimate 0.424  
z (mm) ultimate 12.01  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.15 Based on slope of the tangent 






Table B84.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.32  
q1 (MPa) 0.205  
L2 (mm) 6.59  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0039 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B84.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B85: Load Test SR85 
 
 
Pile No.: Miami metromover, Plug 3 
Database ID No.: SR85 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B85.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
110 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.116  
Shear length, l (m) 1.6  
Depth (m), LGS 4.61  
Depth (m) LTOR 4.61  
Head (m) concrete 0.8  
qu (MPa) intact 1.04  
qu (MPa) mass   
α (Ultimate OR Max) 0.58  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.604  
z (mm) peak 22.52  
fs (MPa) ultimate 0.596  
z (mm) ultimate 29.51  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.14 Based on slope of the tangent 






Table B85.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.69  
q1 (MPa) 0.371  
L2 (mm) 22.52  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0048 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B85.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 


















B86: Load Test SR86 
 
 
Pile No.: Miami Metromover, Plug 4 
Database ID No.: SR86 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B86.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
97.6 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.116  
Shear length, l (m) 1.46  
Depth (m), LGS 4.54  
Depth (m) LTOR 4.54  
Head (m) concrete 0.73  
qu (MPa) intact 1.04  
qu (MPa) mass   
α (Ultimate OR Max) 0.66  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.687  
z (mm) peak 5.58  
fs (MPa) ultimate 0.593  
z (mm) ultimate 10.46  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.132 Based on slope of the tangent 






Table B86.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.85  
q1 (MPa) 0.644  
L2 (mm) 5.58  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.06  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0067 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B86.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 


















B87: Load Test SR87 
 
 
Pile No.: Miami Metromover, Plug 5 
Database ID No.: SR7 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B87.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
100.7 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.116  
Shear length, l (m) 1.6  
Depth (m), LGS 4.61  
Depth (m) LTOR 4.61  
Head (m) concrete 0.8  
qu (MPa) intact 1.04  
qu (MPa) mass   
α (Ultimate OR Max) 0.438  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.456  
z (mm) peak 4.82  
fs (MPa) ultimate 0.248  
z (mm) ultimate 20.7  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.125 Based on slope of the tangent 






Table B87.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 3.22  
q1 (MPa) 0.403  
L2 (mm) 4.82  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Limestone, soft and porous (Miami Oolite) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B87.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















B88: Load Test SR88 
 
 
Pile No.: Miami Metromover, Plug 6 
Database ID No.: SR88 
Original Reference: Bloomquist and Townsend (1991) 
 
Table B88.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
159.6 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.116  
Shear length, l (m) 1.95  
Depth (m), LGS 4.78  
Depth (m) LTOR 4.78  
Head (m) concrete 0.975  
qu (MPa) intact 1.04  
qu (MPa) mass   
α (Ultimate OR Max) 0.56  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.583  
z (mm) peak 4.29  
fs (MPa) ultimate 0.519  
z (mm) ultimate 8.33  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.166 Based on slope of the tangent 






Table B88.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.18  
q1 (MPa) 0.355  
L2 (mm) 4.29  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.9  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0055 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Under water 
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm) By filling a container that was 
lowered into the hole 
 
f’c (MPa) 20.68  
Concrete modulus, Ec (GPa) 26.81  








Limestone, soft and porous (Miami Oolite) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B88.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 


















B89: Load Test SR89 
 
 
Pile No.: LT-177 
Database ID No.: SR89 
Original Reference: Brown and Thompson (1994) 
 
Table B89.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
15603 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.812  
Shear length, l (m) 1.52  
Depth (m), LGS 16.145  
Depth (m) LTOR 1.825  
Head (m) concrete 1.825  
qu (MPa) intact 6.15  
qu (MPa) mass   
α (Ultimate OR Max) 0.434  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 2.672  
z (mm) max 1.5  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
6.25 Based on slope of the tangent 






Table B89.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.071  
q1 (MPa) 0.58  
L2 (mm) 0.39  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.76  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Auger and core barrel  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 28.95  
Concrete modulus, Ec (GPa)   








Shale with fine sand, highly weathered, gray, moderately hard 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B89.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





















B90: Load Test SR90 
 
 
Pile No.: Site A – Shaft A1 
Database ID No.: SR90 
Original Reference: Sandberg (1993) 
 
Table B90.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Silty clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
378 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 1.67  
Depth (m), LGS 0.835  
Depth (m) LTOR 0.835  
Head (m) concrete 0.835  
qu (MPa) intact 0.71  
qu (MPa) mass   
α (Ultimate OR Max) 0.16  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.114  
z (mm) peak 1.73  
fs (MPa) ultimate 0.112  
z (mm) ultimate 9.67  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.453 Based on slope of the tangent 






Table B90.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.153  
q1 (MPa) 0.0693  
L2 (mm) 1.73  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   









Belle Fourche Fourche Formation 
LL = 63% 
PI = 29% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B90.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 




















B91: Load Test SR91 
 
 
Pile No.: Site A – Shaft A2 
Database ID No.: SR91 
Original Reference: Sandberg (1993) 
 
Table B91.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Silty clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
524 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 4.8  
Depth (m), LGS 2.4  
Depth (m) LTOR 2.4  
Head (m) concrete 2.4  
qu (MPa) intact 0.71  
qu (MPa) mass   
α (Ultimate OR Max) 0.077  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.055  
z (mm) peak 1.95  
fs (MPa) ultimate 0.055  
z (mm) ultimate 3.97  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.22 Based on slope of the tangent 






Table B91.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0026 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   









Belle Fourche Fourche Formation 
LL = 63% 
PI = 29% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B91.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 


















B92: Load Test SR92 
 
 
Pile No.: Site A – Shaft A3 
Database ID No.: SR92 
Original Reference: Sandberg (1993) 
 
Table B92.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
318 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 2.62  
Depth (m), LGS 1.31  
Depth (m) LTOR 1.31  
Head (m) concrete 1.31  
qu (MPa) intact 0.71  
qu (MPa) mass   
α (Ultimate OR Max) 0.101  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.072  
z (mm) peak 2.26  
fs (MPa) ultimate 0.071  
z (mm) ultimate 9.7  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.244 Based on slope of the tangent 






Table B92.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.149  
q1 (MPa) 0.036  
L2 (mm) 2.26  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0027 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   









Belle Fourche Fourche Formation 
LL = 63% 
PI = 29% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B92.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B93: Load Test SR93 
 
 
Pile No.: Site C – Shaft C1 
Database ID No.: SR93 
Original Reference: Sandberg (1993) 
 
Table B93.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Sandy shale and sandstone  
mi 15 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
93 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 3.65  
Depth (m), LGS 1.825  
Depth (m) LTOR 1.825  
Head (m) concrete 1.825  
qu (MPa) intact 0.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.26  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.113  
z (mm) peak 36.5  
fs (MPa) ultimate 0.109  
z (mm) ultimate 40.45  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.051 Based on slope of the tangent 






Table B93.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.51  
q1 (MPa) 0.0262  
L2 (mm) 27.18  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0507 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   








Red sandy shale and sandstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B93.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





















B94: Load Test SR94 
 
 
Pile No.: Site C – Shaft C2 
Database ID No.: SR94 
Original Reference: Sandberg (1993) 
 
Table B94.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Sandy shale and sandstone  
mi 15 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
65 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 3.65  
Depth (m), LGS 1.825  
Depth (m) LTOR 1.825  
Head (m) concrete 1.825  
qu (MPa) intact 0.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.23  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.101  
z (mm) peak 38.59  
fs (MPa) ultimate 0.101  
z (mm) ultimate 42.11  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.036 Based on slope of the tangent 






Table B94.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.81  
q1 (MPa) 0.0297  
L2 (mm) 28.25  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0445 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   








Red sandy shale and sandstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B94.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 


















B95: Load Test SR95 
 
 
Pile No.: Site C – Shaft C3 
Database ID No.: SR95 
Original Reference: Sandberg  (1993) 
 
Table B95.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Sandy shale and sandstone  
mi 15 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
82 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 3.65  
Depth (m), LGS 1.825  
Depth (m) LTOR 1.825  
Head (m) concrete 1.825  
qu (MPa) intact 0.43  
qu (MPa) mass   
α (Ultimate OR Max) 0.38  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.164  
z (mm) peak 40.35  
fs (MPa) ultimate 0.164  
z (mm) ultimate 44.7  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.036 Based on slope of the tangent 






Table B95.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.671  
q1 (MPa) 0.0303  
L2 (mm) 16.89  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0422 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   








Red sandy shale and sandstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B95.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B96: Load Test SR96 
 
 
Pile No.: Site D – Shaft D1 
Database ID No.: SR96 
Original Reference: Sandberg (1993) 
 
Table B96.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Siltstone and shale  
mi 9.5 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
405 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.16  
Shear length, l (m) 4.57  
Depth (m), LGS 2.28  
Depth (m) LTOR 2.28  
Head (m) concrete 2.28  
qu (MPa) intact 1.03  
qu (MPa) mass   
α (Ultimate OR Max) 0.054  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.054  
z (mm) peak 2.17  
fs (MPa) ultimate 0.056  
z (mm) ultimate 9.55  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.176 Based on slope of the tangent 






Table B96.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.102  
q1 (MPa) 0.01801  
L2 (mm) 2.17  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0055 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   








Gray siltstone and shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B96.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 














B97: Load Test SR97 
 
 
Pile No.: Site D – Shaft D2 
Database ID No.: SR97 
Original Reference: Sandberg (1993) 
 
Table B97.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Siltstone and shale  
mi 9.39 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
204 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 5.39  
Depth (m), LGS 2.69  
Depth (m) LTOR 2.69  
Head (m) concrete 2.69  
qu (MPa) intact 1.03  
qu (MPa) mass   
α (Ultimate OR Max) 0.039  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.041  
z (mm) peak 2.41  
fs (MPa) ultimate 0.041  
z (mm) ultimate 10.31  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0774 Based on slope of the tangent 






Table B97.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.45  
q1 (MPa) 0.0348  
L2 (mm) 2.41  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0039 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   








Gray siltstone and shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B97.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 














B98: Load Test SR98 
 
 
Pile No.: Site D – Shaft D3 
Database ID No.: SR98 
Original Reference: Sandberg (1993) 
 
Table B98.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Siltstone and shale  
mi 9.5 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
263 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.161  
Shear length, l (m) 5.48  
Depth (m), LGS 2.74  
Depth (m) LTOR 2.74  
Head (m) concrete 2.74  
qu (MPa) intact 1.03  
qu (MPa) mass   
α (Ultimate OR Max) 0.045  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.04727  
z (mm) peak 2.18  
fs (MPa) ultimate 0.047  
z (mm) ultimate 6.45  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.101 Based on slope of the tangent 






Table B98.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.178  
q1 (MPa) 0.0173  
L2 (mm) 2.18  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0069 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   








Gray siltstone and shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B98.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 














B99: Load Test SR99 
 
 
Pile No.: Site E – Shaft E1 
Database ID No.: SR99 
Original Reference: Sandberg (1993) 
 
Table B99.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Gray shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
99 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.16  
Shear length, l (m) 4.63  
Depth (m), LGS 2.31  
Depth (m) LTOR 2.31  
Head (m) concrete 2.31  
qu (MPa) intact 0.623  
qu (MPa) mass   
α (Ultimate OR Max) 0.165  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.103  
z (mm) peak 7.42  
fs (MPa) ultimate 0.09  
z (mm) ultimate 13.7  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0931 Based on slope of the tangent 






Table B99.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.196  
q1 (MPa) 0.0516  
L2 (mm) 7.42  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0124 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B99.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 

















B100: Load Test SR100 
 
 
Pile No.: Site E – Shaft E2 
Database ID No.: SR100 
Original Reference: Sandberg (1993) 
 
Table B100.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
228 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.25 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 4.54  
Depth (m), LGS 2.27  
Depth (m) LTOR 2.27  
Head (m) concrete 2.27  
qu (MPa) intact 0.623  
qu (MPa) mass   
α (Ultimate OR Max) 0.179  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.112  
z (mm) peak 7.4  
fs (MPa) ultimate 0.099  
z (mm) ultimate 13.73  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.101 Based on slope of the tangent 






Table B100.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.37  
q1 (MPa) 0.0375  
L2 (mm) 7.42  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0114 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B100.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B101: Load Test SR101 
 
 
Pile No.: Site E – Shaft E3 
Database ID No.: SR101 
Original Reference: Sandberg (1993) 
 
Table B101.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
273 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.161  
Shear length, l (m) 4.6  
Depth (m), LGS 2.3  
Depth (m) LTOR 2.3  
Head (m) concrete 2.3  
qu (MPa) intact 0.623  
qu (MPa) mass   
α (Ultimate OR Max) 0.192  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.12  
z (mm) peak 8.59  
fs (MPa) ultimate 0.116  
z (mm) ultimate 12.6  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.12 Based on slope of the tangent 






Table B101.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.33  
q1 (MPa) 0.0396  
L2 (mm) 8.59  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0125 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B101.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 


















B102: Load Test SR102 
 
 
Pile No.: Site F – Shaft F1 
Database ID No.: SR102 
Original Reference: Sandberg (1993) 
 
Table B102.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
665 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.163  
Shear length, l (m) 1.82  
Depth (m), LGS 0.91  
Depth (m) LTOR 0.91  
Head (m) concrete 0.91  
qu (MPa) intact 0.375  
qu (MPa) mass   
α (Ultimate OR Max) 0.78  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.293  
z (mm) peak 6.16  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.732 Based on slope of the tangent 






Table B102.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.066  
q1 (MPa) 0.048  
L2 (mm) 4.8  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0033 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B102.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 



















B103: Load Test SR103 
 
 
Pile No.: Site F – Shaft F2 
Database ID No.: SR103 
Original Reference: Sandberg (1993) 
 
Table B103.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
380 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.155  
Shear length, l (m) 5.45  
Depth (m), LGS 2.72  
Depth (m) LTOR 2.72  
Head (m) concrete 2.72  
qu (MPa) intact 0.375  
qu (MPa) mass   
α (Ultimate OR Max) 0.088  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.03367  
z (mm) peak 1.66  
fs (MPa) ultimate 0.033  
z (mm) ultimate 2.94  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.143 Based on slope of the tangent 






Table B103.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.108  
q1 (MPa) 0.0154  
L2 (mm) 1.66  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.004 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B103.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 













B104: Load Test SR104 
 
 
Pile No.: Site F – Shaft F3 
Database ID No.: SR104 
Original Reference: Sandberg (1993) 
 
Table B104.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
170 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.153  
Shear length, l (m) 4.9  
Depth (m), LGS 2.45  
Depth (m) LTOR 2.45  
Head (m) concrete 2.45  
qu (MPa) intact 0.375  
qu (MPa) mass   
α (Ultimate OR Max) 0.303  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.113  
z (mm) peak 5.16  
fs (MPa) ultimate 0.113  
z (mm) ultimate 5.63  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.12 Based on slope of the tangent 






Table B104.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.68  
q1 (MPa) 0.0477  
L2 (mm) 2.69  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0096 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm) 152.4 – 203.2  
f’c (MPa) 31.026  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B104.2 Load-transfer function (t-z) 
 
 
Side Local Displacement 
(mm) 



















B105: Load Test SR105 
 
 
Pile No.: Test Shaft 1 
Database ID No.: SR105 
Original Reference: Engeling and Reese (1974) 
 
Table B105.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 4 ft. (1.21 m)  
Lithology Clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
124 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 1.22  
Depth (m), LGS 2.43  
Depth (m) LTOR 2.43  
Head (m) concrete 3.34  
qu (MPa) intact 0.383  
qu (MPa) mass   
α (Ultimate OR Max) 0.399  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.153  
z (mm) peak 8.09  
fs (MPa) ultimate 0.122  
z (mm) ultimate 15.23  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.07 Based on slope of the tangent 






Table B105.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 8 ft. (2.43 m)  
Lithology Clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
119 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 1.22  
Depth (m), LGS 2.43  
Depth (m) LTOR 2.43  
Head (m) concrete 3.34  
qu (MPa) intact 0.383  
qu (MPa) mass   
α (Ultimate OR Max) 0.399  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.153  
z (mm) peak 8.09  
fs (MPa) ultimate 0.122  
z (mm) ultimate 15.23  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.07 Based on slope of the tangent 






Table B105.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 40.75 ft. (12.42 m)  
Lithology Clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
264 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 5  
Depth (m), LGS 12.42  
Depth (m) LTOR 12.42  
Head (m) concrete 13.33  
qu (MPa) intact 0.67  
qu (MPa) mass   
α (Ultimate OR Max) 0.173  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.116  
z (mm) peak 8.02  
fs (MPa) ultimate 0.12  
z (mm) ultimate 15.02  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0777 Based on slope of the tangent 






Table B105.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 4 ft.  
L1 (mm) 0.58  
q1 (MPa) 0.0386  
L2 (mm) 6.37  
q2 (MPa) 0.117  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 8 ft.  
L1 (mm) 1.11  
q1 (MPa) 0.0692  
L2 (mm) 6.63  
q2 (MPa) 0.15  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 40.45 ft.  
L1 (mm) 0.64  
q1 (MPa) 0.0497  
L2 (mm) 6.31  





Table B105.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 4 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0133 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 8 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0103 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 40.75 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0103 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Clay, medium to high plasticity 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B105.2 Load-transfer function (t-z) 
 
@ 4 ft. 
 
Side Local Displacement 
(mm) 





















Table B105.3 Load-transfer function (t-z) 
 
@ 8 ft. 
 
Side Local Displacement 
(mm) 





























Table B105.4 Load-transfer function (t-z) 
@ 40.75 ft. 
 
Side Local Displacement 
(mm) 






















B106: Load Test SR106 
 
 
Pile No.: Test Shaft 2 
Database ID No.: SR106 
Original Reference: Engeling and Reese (1974) 
 
Table B106.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level 50 ft. (15.24 m)  
Lithology Sandy clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
73 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.9144  
Shear length, l (m) 15.85  
Depth (m), LGS 15.24  
Depth (m) LTOR 15.24  
Head (m) concrete 16.16  
qu (MPa) intact 0.478  
qu (MPa) mass   
α (Ultimate OR Max) 0.0299  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.0143  
z (mm) peak 4.24  
fs (MPa) ultimate 0.0143  
z (mm) ultimate 5  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.00916 Based on slope of the tangent 






Table B106.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 50 ft. (15.24 m)  
L1 (mm) 0.79  
q1 (MPa) 7.24  
L2 (mm) 4.24  




Item Value  Comments 
Strain gauge level 50 ft. (15.24 m)  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0597 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Sandy clay, fissured 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B106.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 














B107: Load Test SR107 
 
 
Pile No.: Pier B 
Database ID No.: SR107 
Original Reference: Newman et al. (1981) 
 
Table B107.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Siltstone, sandstone and 
Claystone 
 
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
16964 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.86  
Shear length, l (m) 1.35  
Depth (m), LGS 26.4  
Depth (m) LTOR 0.675  
Head (m) concrete 26.4  
qu (MPa) intact 32.4  
qu (MPa) mass   
α (Ultimate OR Max) 0.0095  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.3099  
z (mm) max 0.039  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
8 Based on slope of the tangent 






Table B107.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level N/A  
L1 (mm) N/A  
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level N/A  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone, sandstone and claystone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B107.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 












B108: Load Test SR108 
 
 
Pile No.: Site 93 – Test 4 
Database ID No.: SR108 
Original Reference: Konziolka et al. (1995) 
 
Table B108.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test No plate at the bottom of the 
anchors. Tension test 
Strain gauge level Socket  
Lithology Cemented alluvium  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
49.5 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.061  
Shear length, l (m) 1.295  
Depth (m), LGS 0.6475  
Depth (m) LTOR 0.6475  
Head (m) concrete 0.6475  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.1179  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.3537  
z (mm) max 9.38  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0666 Based on slope of the tangent 






Table B108.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.5  
q1 (MPa) 0.0989  
L2 (mm) 6.04  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.013 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Very strongly cemented 
Vp = 0.41 km/s 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B108.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 













B109: Load Test SR109 
 
 
Pile No.: Site 93 – Test 6 
Database ID No.: SR109 
Original Reference: Kondziolka et al. (1995) 
 
Table B109.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Cemented alluvium  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
121 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0559  
Shear length, l (m) 1.829  
Depth (m), LGS 0.915  
Depth (m) LTOR 0.915  
Head (m) concrete 0.915  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.191  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.574  
z (mm) max 10.8  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.132 Based on slope of the tangent 






Table B109.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.63  
q1 (MPa) 0.0837  
L2 (mm) 5.99  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.007 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Very strongly cemented 
Vp = 0.41 km/s 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B109.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 














B110: Load Test SR110 
 
 
Pile No.: Site 93 – Test 8 
Database ID No.: SR110 
Original Reference: Kondziolka et al. (1995) 
 
Table B110.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Cemented alluvium  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
511 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0533  
Shear length, l (m) 2.438  
Depth (m), LGS 1.219  
Depth (m) LTOR 1.219  
Head (m) concrete 1.219  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.23  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.693  
z (mm) max 5.13  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.4 Based on slope of the tangent 






Table B110.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.29  
q1 (MPa) 0.121  
L2 (mm) 2.76  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.88  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0029 May be used for calculation of 








Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Very strongly cemented 
Vp = 0.41 km/s 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B110.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 













B111: Load Test SR111 
 
 
Pile No.: Site 93 – Test 10 
Database ID No.: SR111 
Original Reference: Kondziolka et al. (1995) 
 
Table B111.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Cemented alluvium  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
194 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0533  
Shear length, l (m) 3.048  
Depth (m), LGS 1.524  
Depth (m) LTOR 1.524  
Head (m) concrete 1.524  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.188  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.5653  
z (mm) peak 6.01  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.127 Based on slope of the tangent 






Table B111.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.77  
q1 (MPa) 0.225  
L2 (mm) 4.41  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0067 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Very strongly cemented 
Vp = 0.41 km/s 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B111.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 













B112: Load Test SR112 
 
 
Pile No.: Site 154 – Test 4 
Database ID No.: SR112 
Original Reference: Kondziolka et al. (1995) 
 
Table B112.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Cemented alluvium  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
148 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0559  
Shear length, l (m) 1.219  
Depth (m), LGS 0.6095  
Depth (m) LTOR 0.6095  
Head (m) concrete 0.6095  
qu (MPa) intact 4  
qu (MPa) mass   
α (Ultimate OR Max) 0.245  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.98  
z (mm) max 9.21  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.25 Based on slope of the tangent 






Table B112.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.3  
q1 (MPa) 0.315  
L2 (mm) 5.91  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.93  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0037 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Cemented alluvium and boulders 
Vp = 0.37 km/s 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B112.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B113: Load Test SR113 
 
 
Pile No.: Site 154 – Test 6 
Database ID No.: SR113 
Original Reference: Kondziolka et al. (1995) 
 
Table B113.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Cemented alluvium  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
280 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0686  
Shear length, l (m) 1.97  
Depth (m), LGS 0.985  
Depth (m) LTOR 0.985  
Head (m) concrete 0.985  
qu (MPa) intact 4  
qu (MPa) mass   
α (Ultimate OR Max) 0.161  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.645  
z (mm) max 3.49  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.28 Based on slope of the tangent 






Table B113.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.36  
q1 (MPa) 0.102  
L2 (mm) 2.82  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0034 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Cemented alluvium and boulders 
Vp = 0.37 km/s 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B113.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B114: Load Test SR114 
 
 
Pile No.: Site 154 – Test 8 
Database ID No.: SR114 
Original Reference: Kondziolka et al. (1995) 
 
Table B114.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Cemented alluvium  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
200 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.061  
Shear length, l (m) 2.438  
Depth (m), LGS 1.219  
Depth (m) LTOR 1.219  
Head (m) concrete 1.219  
qu (MPa) intact 4  
qu (MPa) mass   
α (Ultimate OR Max) 0.146  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.586  
z (mm) max 5.54  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.166 Based on slope of the tangent 






Table B114.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.45  
q1 (MPa) 0.237  
L2 (mm) 4.07  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0049 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Cemented alluvium and boulders 
Vp = 0.37 km/s 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B114.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 













B115: Load Test SR115 
 
 
Pile No.: Site 160 – Test 2.5 
Database ID No.: SR115 
Original Reference:  
 
Table B115.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Weathered granite  
mi 33 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
48 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0508  
Shear length, l (m) 0.508  
Depth (m), LGS 0.254  
Depth (m) LTOR 0.254  
Head (m) concrete 0.254  
qu (MPa) intact 4  
qu (MPa) mass   
α (Ultimate OR Max) 0.22  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.88  
z (mm) peak 12.14  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.19 Based on slope of the tangent 






Table B115.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.8  
q1 (MPa) 0.534  
L2 (mm) 5.14  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0022 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B115.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 












B116: Load Test SR116 
 
 
Pile No.: Site 160 – Test 4.5 
Database ID No.: SR116 
Original Reference: Kondziolka et al. (1995) 
 
Table B116.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Weathered granite   
mi 33 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
444 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0508  
Shear length, l (m) 1.372  
Depth (m), LGS 0.686  
Depth (m) LTOR 0.686  
Head (m) concrete 0.686  
qu (MPa) intact 4  
qu (MPa) mass   
α (Ultimate OR Max) 0.29  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.177  
z (mm) max 2.22  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.645 Based on slope of the tangent 






Table B116.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.81  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0012 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B116.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B117: Load Test SR117 
 
 
Pile No.: Site 160 – Test 5 
Database ID No.: SR117 
Original Reference: Kondziolka et al. (1995) 
 
Table B117.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Weathered granite  
mi 33 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
166 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0457  
Shear length, l (m) 1.524  
Depth (m), LGS 0.762  
Depth (m) LTOR 0.762  
Head (m) concrete 0.762  
qu (MPa) intact 4  
qu (MPa) mass   
α (Ultimate OR Max) 0.179  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.717  
z (mm) max 9.17  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.2 Based on slope of the tangent 






Table B117.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.599  
q1 (MPa) 0.13  
L2 (mm) 7  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0046 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B117.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B118: Load Test SR118 
 
 
Pile No.: Site 625 – Test 2 
Database ID No.: SR118 
Original Reference: Kondziolka et al. (1995) 
 
Table B118.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Conglomerate  
mi 22 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
717 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.066  
Shear length, l (m) 0.572  
Depth (m), LGS 0.286  
Depth (m) LTOR 0.286  
Head (m) concrete 0.286  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.43  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.292  
z (mm) max 3.85  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
2.4 Based on slope of the tangent 






Table B118.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0004 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B118.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 















B119: Load Test SR119 
 
 
Pile No.: Site 625 – Test 3.5 
Database ID No.: SR119 
Original Reference: Kondziolka et al. (1995) 
 
Table B119.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Conglomerate  
mi 22 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
402 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.066  
Shear length, l (m) 1.054  
Depth (m), LGS 0.527  
Depth (m) LTOR 0.527  
Head (m) concrete 0.527  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.426  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.278  
z (mm) max 9.3  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.627 Based on slope of the tangent 






Table B119.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0013 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B119.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B120: Load Test SR120 
 
 
Pile No.: Site 625 – Test 5 
Database ID No.: SR120 
Original Reference: Kondziolka et al. (1995) 
 
Table B120.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Conglomerate  
mi 22 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
819 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.066  
Shear length, l (m) 1.524  
Depth (m), LGS 0.762  
Depth (m) LTOR 0.762  
Head (m) concrete 0.762  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.295  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.887  
z (mm) max 2.61  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1 Based on slope of the tangent 






Table B120.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0009 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B120.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B121: Load Test SR121 
 
 
Pile No.: Site 625 – Test 8 
Database ID No.: SR121 
Original Reference: Kondziolka et al. (1995) 
 
Table B121.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Conglomerate  
mi 22 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
242 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.0559  
Shear length, l (m) 2.438  
Depth (m), LGS 1.219  
Depth (m) LTOR 1.219  
Head (m) concrete 1.219  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.2  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.602  
z (mm) max 5.21  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.2 Based on slope of the tangent 






Table B121.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.11  
q1 (MPa) 0.22  
L2 (mm) 3.29  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0039 May be used for calculation of 







Item Value  Comments 
Socket construction method  No plate at the bottom of the 
anchors. Tension test 
Casing  Tip depth from GS (m) =  
Drill bit type Carbide bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B121.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 
















B122: Load Test SR122 
 
 
Pile No.: Pile 7 
Database ID No.: SR122 
Original Reference: Cooke (1979) 
 
Table B122.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down test 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
183 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.75  
Shear length, l (m) 7.5  
Depth (m), LGS 8.75  
Depth (m) LTOR 8.75  
Head (m) concrete 8.75  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max) 0.13  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.0392  
z (mm) peak 2.59  
fs (MPa) ultimate 0.0409  
z (mm) ultimate 7.62  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0493 Based on slope of the tangent 






Table B122.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.308  
q1 (MPa) 0.0151  
L2 (mm) 2.59  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.009 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry   
Concrete placement method Poured with hopper  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 45.27  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B122.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




















B123: Load Test SR123 
 
 
Pile No.: Pile 8 
Database ID No.: SR123 
Original Reference: Cooke (1979) 
 
Table B123.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
147 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.75  
Shear length, l (m) 7.5  
Depth (m), LGS 8.75  
Depth (m) LTOR 8.75  
Head (m) concrete 8.75  
qu (MPa) intact 0.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.208  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.062  
z (mm) peak 10.28  
fs (MPa) ultimate 0.063  
z (mm) ultimate 13.15  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0395 Based on slope of the tangent 






Table B123.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.588  
q1 (MPa) 0.0232  
L2 (mm) 6.79  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0169 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry   
Concrete placement method Poured with hopper  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 45.27  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B123.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 





















B124: Load Test SR124 
 
 
Pile No.: Pile 9 
Database ID No.: SR124 
Original Reference: Cooke (1979) 
 
Table B124.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
142 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.75  
Shear length, l (m) 7.5  
Depth (m), LGS 8.75  
Depth (m) LTOR 8.75  
Head (m) concrete 8.75  
qu (MPa) intact 0.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.148  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.04461  
z (mm) peak 3.53  
fs (MPa) ultimate 0.0469  
z (mm) ultimate 9.32  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.03996 Based on slope of the tangent 






Table B124.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.557  
q1 (MPa) 0.02172  
L2 (mm) 3.53  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0164 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 45.27  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B124.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




















B125: Load Test SR125 
 
 
Pile No.: Pile 10 
Database ID No.: SR125 
Original Reference: Cooke (1979) 
 
Table B125.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
176 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.75  
Shear length, l (m) 7.5  
Depth (m), LGS 8.75  
Depth (m) LTOR 8.75  
Head (m) concrete 8.75  
qu (MPa) intact 0.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.126  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.038  
z (mm) peak 5.67  
fs (MPa) ultimate 0.0405  
z (mm) ultimate 11.27  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0486 Based on slope of the tangent 






Table B125.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.277  
q1 (MPa) 0.0135  
L2 (mm) 4.54  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0134 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry Bentonite After excavation, the hole was 
filled with bentonite 
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 45.27  











GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B125.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B126: Load Test SR126 
 
 
Pile No.: Pile 11 
Database ID No.: SR126 
Original Reference: Cooke (1979) 
 
Table B126.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
142 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.75  
Shear length, l (m) 7.5  
Depth (m), LGS 8.75  
Depth (m) LTOR 8.75  
Head (m) concrete 8.75  
qu (MPa) intact 0.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.127  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.03826  
z (mm) peak 4.29  
fs (MPa) ultimate 0.03961  
z (mm) ultimate 8.72  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.045 Based on slope of the tangent 






Table B126.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.557  
q1 (MPa) 0.02153  
L2 (mm) 3.31  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0141 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 45.27  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B126.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 






















B127: Load Test SR127 
 
 
Pile No.: Pile 12 
Database ID No.: SR127 
Original Reference: Cooke (1979) 
 
Table B127.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
183 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.75  
Shear length, l (m) 7.5  
Depth (m), LGS 8.75  
Depth (m) LTOR 8.75  
Head (m) concrete 8.75  
qu (MPa) intact 0.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.237  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.0711  
z (mm) peak 7.73  
fs (MPa) ultimate 0.07249  
z (mm) ultimate 10.25  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0526 Based on slope of the tangent 






Table B127.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.431  
q1 (MPa) 0.0215  
L2 (mm) 6.7  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.93  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0196 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing  Tip depth from GS (m) =  
Drill bit type Drilling bucket  
Slurry Bentonite  
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 45.27  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B127.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 























B128: Load Test SR128 
 
 
Pile No.: Pile 13 
Database ID No.: SR128 
Original Reference: Cooke (1979) 
 
Table B128.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
194 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.75  
Shear length, l (m) 7.5  
Depth (m), LGS 8.75  
Depth (m) LTOR 8.75  
Head (m) concrete 8.75  
qu (MPa) intact 0.3  
qu (MPa) mass   
α (Ultimate OR Max) 0.235  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.0705  
z (mm) peak 7.86  
fs (MPa) ultimate 0.0711  
z (mm) ultimate 10.28  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0518 Based on slope of the tangent 






Table B128.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.523  
q1 (MPa) 0.02711  
L2 (mm) 7.86  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0121 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing  Tip depth from GS (m) =  
Drill bit type Drilling bucket  
Slurry Bentonite  
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 45.27  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B128.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 




























B129: Load Test SR129 
 
 
Pile No.: Hampton Site 
Database ID No.: SR129 
Original Reference: Nam (2004) 
 
Table B129.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Test socket  
Lithology Clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
10455 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.76  
Shear length, l (m) 3  
Depth (m), LGS 9.2  
Depth (m) LTOR 3.2  
Head (m) concrete 1.5  
qu (MPa) intact 0.85  
qu (MPa) mass   
α (Ultimate OR Max) 0.12  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.101  
z (mm) max 10.79  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.631 Based on slope of the tangent 






Table B129.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Reaction socket  
Lithology Clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
6061 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.76  
Shear length, l (m) 3  
Depth (m), LGS 12.6  
Depth (m) LTOR 6.6  
Head (m) concrete 4.9  
qu (MPa) intact 1.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.044  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.066  
z (mm) peak 0.146  
fs (MPa) ultimate 0.074  
z (mm) ultimate 2.28  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.491 Based on slope of the tangent 






Table B129.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Test socket  
L1 (mm) 0.015  
q1 (MPa) 0.0647  
L2 (mm) 3.12  
q2 (MPa) 0.0866  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Reaction socket  
L1 (mm) 0.019  
q1 (MPa) 0.0473  
L2 (mm) 0.146  




Item Value  Comments 
Strain gauge level Test socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0016 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Reaction socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0003 May be used for calculation of 












Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm)   
f’c (MPa) 36  
Concrete modulus, Ec (GPa) 25.75  








Clay shale (Eagle Ford formation) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 

















Side Local Displacement 
(mm) 













B130: Load Test SR130 
 
 
Pile No.: Denton Site 
Database ID No.: SR130 
Original Reference: Nam (2004) 
 
Table B130.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Test socket  
Lithology Clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1316 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.5 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.76  
Shear length, l (m) 2.1  
Depth (m), LGS 7.05  
Depth (m) LTOR 1.05  
Head (m) concrete 4.75  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.135  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.406  
z (mm) max 11.29  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.527 Based on slope of the tangent 






Table B130.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Reaction socket  
Lithology Clay shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
840 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.76  
Shear length, l (m) 2.7  
Depth (m), LGS 9.85  
Depth (m) LTOR 3.85  
Head (m) concrete 7.55  
qu (MPa) intact 1.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.122  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.184  
z (mm) peak 0.52  
fs (MPa) ultimate 0.136  
z (mm) ultimate 14.9  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.354 Based on slope of the tangent 






Table B130.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Test socket  
L1 (mm) 0  
q1 (MPa) 0.0884  
L2 (mm) 3.82  
q2 (MPa) 0.344  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Reaction socket  
L1 (mm) 0.52  
q1 (MPa) 0.184  
L2 (mm) 0.52  




Item Value  Comments 
Strain gauge level Test socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0012 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Reaction socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0038 May be used for calculation of 











Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 40  
Concrete modulus, Ec (GPa) 29.213  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 



















Side Local Displacement 
(mm) 













B131: Load Test SR131 
 
 
Pile No.: Rowlett Creek Site 
Database ID No.: SR131 
Original Reference: Nam (2004) 
 
Table B131.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Test socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
3684 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.5 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.76  
Shear length, l (m) 2.6  
Depth (m), LGS 4  
Depth (m) LTOR 2  
Head (m) concrete 1.3  
qu (MPa) intact 10  
qu (MPa) mass   
α (Ultimate OR Max) 0.1554  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.554  
z (mm) max 37.85  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.612 Based on slope of the tangent 






Table B131.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Reaction socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2147 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.76  
Shear length, l (m) 1.5  
Depth (m), LGS 6.45  
Depth (m) LTOR 4.45  
Head (m) concrete 3.75  
qu (MPa) intact 10  
qu (MPa) mass   
α (Ultimate OR Max) 0.1372  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.372  
z (mm) peak 7.24  
fs (MPa) ultimate 1.056  
z (mm) ultimate 36  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.086 Based on slope of the tangent 






Table B131.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Test socket  
L1 (mm) 0.18  
q1 (MPa) 0.29  
L2 (mm) 9.08  
q2 (MPa) 1.186  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Reaction socket  
L1 (mm) 0.61  
q1 (MPa) 0.662  
L2 (mm) 7.24  




Item Value  Comments 
Strain gauge level Test socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0015 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Reaction socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0006 May be used for calculation of 












Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm)   
f’c (MPa) 32  
Concrete modulus, Ec (GPa) 43.42  








Limestone (from Austin Chalk formation) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   










Side Local Displacement 
(mm) 


















Side Local Displacement 
(mm) 














B132: Load Test SR132 
 
 
Pile No.: Pile 1 
Database ID No.: SR132 
Original Reference: Carruba (1997) 
 
Table B132.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Marl  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
786 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.25 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.2  
Shear length, l (m) 10  
Depth (m), LGS 14.75  
Depth (m) LTOR 3.75  
Head (m) concrete 14.75  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max) 0.154  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.139  
z (mm) peak 1  
fs (MPa) ultimate 0.139  
z (mm) ultimate 8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.139 Based on slope of the tangent 






Table B132.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1  
q1 (MPa) 0.139  
L2 (mm) 1  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock bit  
Slurry   
Concrete placement method Poured by free fall  
Concrete slump (mm)   
f’c (MPa) 25  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B132.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B133: Load Test SR133 
 
 
Pile No.: Pile 2 
Database ID No.: SR133 
Original Reference: Carrubba (1997) 
 
Table B133.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Diabasic breccia  
mi 20 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1648 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.2  
Shear length, l (m) 3  
Depth (m), LGS 17.75  
Depth (m) LTOR 1.25  
Head (m) concrete 17.75  
qu (MPa) intact 15  
qu (MPa) mass   
α (Ultimate OR Max) 0.032  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.486  
z (mm) peak 1  
fs (MPa) ultimate 0.486  
z (mm) ultimate 1  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.486 Based on slope of the tangent 






Table B133.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1  
q1 (MPa) 0.486  
L2 (mm) 1  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock bit  
Slurry   
Concrete placement method Poured by free fall  
Concrete slump (mm)   
f’c (MPa) 25  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B133.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B134: Load Test SR134 
 
 
Pile No.: Pile 3 
Database ID No.: SR134 
Original Reference: Carrubba (1997) 
 
Table B134.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Gypsum  
mi 16 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2264 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.22 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.2  
Shear length, l (m) 7  
Depth (m), LGS 31.5  
Depth (m) LTOR 5.5  
Head (m) concrete 31.5  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.078  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.468  
z (mm) peak 1  
fs (MPa) ultimate 0.468  
z (mm) ultimate 8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.468 Based on slope of the tangent 






Table B134.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1  
q1 (MPa) 0.468  
L2 (mm) 1  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Used (details not reported in 
the original reference) 
Tip depth from GS (m) =  
Drill bit type Rock bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 25  
Concrete modulus, Ec (GPa)   









RQD = 60% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B134.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 

















B135: Load Test SR135 
 
 
Pile No.: Pile 5 
Database ID No.: SR135 
Original Reference: Carrubba (1997) 
 
Table B135.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1353 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.2  
Shear length, l (m) 3  
Depth (m), LGS 12.25  
Depth (m) LTOR 1.25  
Head (m) concrete 12.25  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.159  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.399  
z (mm) peak 1  
fs (MPa) ultimate 0.399  
z (mm) ultimate 8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.399 Based on slope of the tangent 






Table B135.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1  
q1 (MPa) 0.399  
L2 (mm) 1  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Used Tip depth from GS (m) =  
Drill bit type Rock bit  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 25  
Concrete modulus, Ec (GPa)   









RQD = 100% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B135.2 Load-transfer function (t-z) 
 
Side Local Displacement 
(mm) 


















B136: Load Test SR136 
 
 
Pile No.: East shaft 
Database ID No.: SR136 
Original Reference: Glos and Briggs (1983) 
 
Table B136.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Shaley sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1111 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.61  
Shear length, l (m) 1.44  
Depth (m), LGS 16.16  
Depth (m) LTOR 0.695  
Head (m) concrete 16.16  
qu (MPa) intact 9.26  
qu (MPa) mass   
α (Ultimate OR Max) 0.204  
Measured roughness (mm) 76  
Mobilized roughness (mm)   
fs (MPa) max 1.885  
z (mm) max 7.87  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.682 Based on slope of the tangent 






Table B136.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.406  
q1 (MPa) 0.277  
L2 (mm) 4.97  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0015 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent in the overburden Tip depth from GS (m) =  
Drill bit type Auger Grooved (3 in deep) 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Horizontally bedded shaley sandstone from Picture Cliff Formation 
RQD = 88% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B136.2 Load-transfer function (t-z) 
 














B137: Load Test SR137 
 
 
Pile No.: West shaft 
Database ID No.: SR137 
Original Reference: Glos and Briggs (1983) 
 
Table B137.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Top down 
Strain gauge level Socket  
Lithology Shaley sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
3126 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.61  
Shear length, l (m) 1.46  
Depth (m), LGS 15.49  
Depth (m) LTOR 0.735  
Head (m) concrete 15.49  
qu (MPa) intact 8.362  
qu (MPa) mass   
α (Ultimate OR Max) 0.248  
Measured roughness (mm) 76  
Mobilized roughness (mm)   
fs (MPa) max 2.076  
z (mm) max 9.65  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.894 Based on slope of the tangent 






Table B137.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.245  
q1 (MPa) 0.481  
L2 (mm) 5.08  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0008 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent in the overburden Tip depth from GS (m) =  
Drill bit type Auger Grooved (3 in deep) 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Horizontally bedded shaley sandstone from Picture Cliff Formation 
RQD = 74% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B137.2 Load-transfer function (t-z) 
 














B138: Load Test SR138 
 
 
Pile No.: Shaft 11 
Database ID No.: SR138 
Original Reference: Bullock (2003) 
 
Table B138.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -12 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
24 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.59  
Shear length, l (m) 3.05  
Depth (m), LGS 17.37  
Depth (m) LTOR 0  
Head (m) concrete 17.37  
qu (MPa) intact 0.6  
qu (MPa) mass   
α (Ultimate OR Max) 0.11  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.067  
z (mm) max 19.81  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.00645 Based on slope of the tangent 






Table B138.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -20 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
764 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.59  
Shear length, l (m) 1.5  
Depth (m), LGS 19.8  
Depth (m) LTOR 2.43  
Head (m) concrete 19.8  
qu (MPa) intact 0.6  
qu (MPa) mass   
α (Ultimate OR Max) 0.41  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.246  
z (mm) max 20.57  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.255 Based on slope of the tangent 






Table B138.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -27 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1372 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.59  
Shear length, l (m) 1.2  
Depth (m), LGS 21.95  
Depth (m) LTOR 4.57  
Head (m) concrete 21.95  
qu (MPa) intact 0.6  
qu (MPa) mass   
α (Ultimate OR Max) 0.74  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.445  
z (mm) max 20.8  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.457 Based on slope of the tangent 






Table B138.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -31.5 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1201 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.59  
Shear length, l (m) 1.52  
Depth (m), LGS 23.32  
Depth (m) LTOR 5.94  
Head (m) concrete 23.32  
qu (MPa) intact 1.034  
qu (MPa) mass   
α (Ultimate OR Max) 0.85  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.883  
z (mm) peak 14.22  
fs (MPa) ultimate 0.852  
z (mm) ultimate 20.8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.265 Based on slope of the tangent 






Table B138.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level -12 ft.  
L1 (mm) 3.25  
q1 (MPa) 0.02097  
L2 (mm) 13.71  
q2 (MPa) 0.0555  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level -20 ft.  
L1 (mm) 0.15  
q1 (MPa) 0.0383  
L2 (mm) 10.4  
q2 (MPa) 0.206  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level -27 ft.  
L1 (mm) 0.4  
q1 (MPa) 0.182  
L2 (mm) 13.97  
q2 (MPa) 0.4  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level -31.5 ft.  
L1 (mm) 1.11  
q1 (MPa) 0.399  
L2 (mm) 10.66  





Table B138.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level -12 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.1408 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level -20 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0082 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level -27 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0037 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level -31.5 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0023 May be used for calculation of 












Item Value  Comments 
Socket construction method   
Casing Temporary, 3.35 m above rock 
surface 
Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 27.6  
Concrete modulus, Ec (GPa) 24.82  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B138.2 Load-transfer function (t-z) 
 
At -12 ft. 
 
















Table B138.3 Load-transfer function (t-z) 
 
At -20 ft. 
 

















Table B138.4 Load-transfer function (t-z) 
 
At -27 ft. 
 

















Table B138.5 Load-transfer function (t-z) 
 
At -31.5 ft. 
 

















B139: Load Test SR139 
 
 
Pile No.: Shaft 2 
Database ID No.: SR139 
Original Reference: Bullock (2003) 
 
Table B139.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -21.6 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
138 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.94  
Shear length, l (m) 2.4  
Depth (m), LGS 20.7  
Depth (m) LTOR 2  
Head (m) concrete 20.7  
qu (MPa) intact 0.63  
qu (MPa) mass   
α (Ultimate OR Max) 0.35  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.225  
z (mm) peak 39.11  
fs (MPa) ultimate 0.223  
z (mm) ultimate 53.8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0341 Based on slope of the tangent 






Table B139.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -30.1 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
86 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.94  
Shear length, l (m) 1.5  
Depth (m), LGS 23.29  
Depth (m) LTOR 4.6  
Head (m) concrete 23.29  
qu (MPa) intact 0.63  
qu (MPa) mass   
α (Ultimate OR Max) 0.47  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.301  
z (mm) max 54.1  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0585 Based on slope of the tangent 






Table B139.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -35.6 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
932 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.94  
Shear length, l (m) 1.8  
Depth (m), LGS 24.96  
Depth (m) LTOR 6.28  
Head (m) concrete 24.96  
qu (MPa) intact 0.63  
qu (MPa) mass   
α (Ultimate OR Max) 0.78  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.491  
z (mm) peak 27.68  
fs (MPa) ultimate 0.501  
z (mm) ultimate 54.35  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.478 Based on slope of the tangent 






Table B139.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -21.6 ft.  
L1 (mm) 0.73  
q1 (MPa) 0.02489  
L2 (mm) 39.11  
q2 (MPa) 0.225  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -31.1 ft.  
L1 (mm) 4.44  
q1 (MPa) 0.116  
L2 (mm) 33.02  
q2 (MPa) 0.277  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -35.6 ft.  
L1 (mm) 0.93  
q1 (MPa) 0.219  
L2 (mm) 27.68  





Table B139.1 Cont. Load test results 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level At -21.6 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0413 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level At -30.1 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0285 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level At -35.6 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0046 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Temporary (tip at 5 m above 
top of rock) 
Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm) 101.6  
f’c (MPa)   
Concrete modulus, Ec (GPa) 26.2  







Gray tan weathered limestone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B139.2 Load-transfer function (t-z) 
 
At -21.6 ft.  
 




















Table B139.3 Load-transfer function (t-z) 
 
At -30.1 ft. 
 




















Table B139.4 Load-transfer function (t-z) 
 
At -35.6 ft. 
 


























B140: Load Test SR140 
 
 
Pile No.: Shaft 10 
Database ID No.: SR140 
Original Reference: Bullock (2003) 
 
Table B140.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level At -23 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
108 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 2.32  
Shear length, l (m) 1.83  
Depth (m), LGS 21.82  
Depth (m) LTOR 0.64  
Head (m) concrete 21.82  
qu (MPa) intact 0.31  
qu (MPa) mass   
α (Ultimate OR Max) 0.42  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.132  
z (mm) max 41.65  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.028 Based on slope of the tangent 






Table B140.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -29 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
253 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 2.32  
Shear length, l (m) 1.83  
Depth (m), LGS 23.65  
Depth (m) LTOR 2.46  
Head (m) concrete 23.65  
qu (MPa) intact 0.31  
qu (MPa) mass   
α (Ultimate OR Max) 1.1  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.341  
z (mm) max 42.16  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0631 Based on slope of the tangent 






Table B140.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level -34.75 ft.  
Lithology Limestone  
mi 2.1 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
596 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 2.32  
Shear length, l (m) 1.67  
Depth (m), LGS 25.41  
Depth (m) LTOR 4.22  
Head (m) concrete 25.41  
qu (MPa) intact 0.31  
qu (MPa) mass   
α (Ultimate OR Max) 2.38  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.738  
z (mm) max 42.16  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.14 Based on slope of the tangent 






Table B140.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -23 ft.  
L1 (mm) 1.93  
q1 (MPa) 0.0526  
L2 (mm) 32  
q2 (MPa) 0.12  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -29 ft.  
L1 (mm) 1.32  
q1 (MPa) 0.0833  
L2 (mm) 24.89  
q2 (MPa) 0.289  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -34.75 ft.  
L1 (mm) 1.87  
q1 (MPa) 0.258  
L2 (mm) 24.63  





Table B140.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level At -23 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0357 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level At -29 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0191 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level At -34.75 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0073 May be used for calculation of 






Item Value  Comments 
Socket construction method   
Casing Permanent Tip depth from GS (m) = -6.4 
(-20.9 ft) 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm) 101.6  
f’c (MPa)   
Concrete modulus, Ec (GPa) 24.82  








GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B140.2 Load-transfer function (t-z) 
 
At -23 ft. 
 
 




















Table B140.3 Load-transfer function (t-z) 
 
At -29 ft. 
 





















Table B140.4 Load-transfer function (t-z) 
 
At -34.75 ft. 
 






















B141: Load Test SR141 
 
 
Pile No.: Shaft 5 
Database ID No.: SR141 
Original Reference: Bullock (2003) 
 
Table B141.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level At -35 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2375 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.87  
Shear length, l (m) 1.73  
Depth (m), LGS 25  
Depth (m) LTOR 3.35  
Head (m) concrete 25  
qu (MPa) intact 0.51  
qu (MPa) mass   
α (Ultimate OR Max) 0.57  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.294  
z (mm) peak 1.96  
fs (MPa) ultimate 0.286  
z (mm) ultimate 30.86  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.625 Based on slope of the tangent 






Table B141.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -35 ft.  
L1 (mm) 0.41  
q1 (MPa) 0.256  
L2 (mm) 1.96  




Item Value  Comments 
Strain gauge level At -35 ft.  
Goodness of fit for pre-peak 
zone, R2 
1  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0003 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Temporary (tip at 0.9 ft. above 
the top of rock) 
Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method  Concreting delayed for 8 days 
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 26.2  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B141.2 Load-transfer function (t-z) 
 















B142: Load Test SR142 
 
 
Pile No.: Shaft 7 
Database ID No.: SR142 
Original Reference: Bullock (2003) 
 
Table B142.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level At -26.65 ft.  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
294 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.62  
Shear length, l (m) 1.07  
Depth (m), LGS 22.45  
Depth (m) LTOR 0  
Head (m) concrete 22.45  
qu (MPa) intact 0.36  
qu (MPa) mass   
α (Ultimate OR Max) 2.22  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.802  
z (mm) peak 19.3  
fs (MPa) ultimate 0.902  
z (mm) ultimate 51.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B142.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level At -26.65 ft.  
L1 (mm) 4.06  
q1 (MPa) 0.445  
L2 (mm) 14.98  




Item Value  Comments 
Strain gauge level At -26.65 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.89  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0061 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Temporary (tip at 27.7 ft. 
above top of rock) 
Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method  With 3 days delay 
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa) 28.27  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B142.2 Load-transfer function (t-z) 
 





















B143: Load Test SR143 
 
 
Pile No.: Test 1 
Database ID No.: SR143 
Original Reference: Schmertmann (1977) 
 
Table B143.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
26 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.1303  
Shear length, l (m) 0.635  
Depth (m), LGS   
Depth (m) LTOR 1.43  
Head (m) concrete 0.317  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.197  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.989  
z (mm) max 37.18  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.05 Based on slope of the tangent 






Table B143.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.85  
q1 (MPa) 0.102  
L2 (mm) 24.71  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0201 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B143.2 Load-transfer function (t-z) 
 























B144: Load Test SR144 
 
 
Pile No.: Test 2 
Database ID No.: SR144 
Original Reference: Schmertmann (1977) 
 
Table B144.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
601 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.15  
Shear length, l (m) 0.301  
Depth (m), LGS   
Depth (m) LTOR 3  
Head (m) concrete 0.1505  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.38  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.942  
z (mm) peak 9.47  
fs (MPa) ultimate 1.942  
z (mm) ultimate 25.06  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.592 Based on slope of the tangent 






Table B144.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.71  
q1 (MPa) 1.13  
L2 (mm) 9.47  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.83  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.001 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B144.2 Load-transfer function (t-z) 
 




























B145: Load Test SR145 
 
 
Pile No.: Test 3 
Database ID No.: SR145 
Original Reference: Schmertmann (1977) 
 
Table B145.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
125 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.101  
Shear length, l (m) 0.933  
Depth (m), LGS   
Depth (m) LTOR 3.02  
Head (m) concrete 0.466  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.053  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.266  
z (mm) peak 38.73  
fs (MPa) ultimate 0.201  
z (mm) ultimate 60.96  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.267 Based on slope of the tangent 






Table B145.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.33  
q1 (MPa) 0.0881  
L2 (mm) 28.62  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0072 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B145.2 Load-transfer function (t-z) 
 

















B146: Load Test SR146 
 
 
Pile No.: Test 4 
Database ID No.: SR146 
Original Reference: Schmertmann (1977) 
 
Table B146.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
959 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.103  
Shear length, l (m) 0.892  
Depth (m), LGS   
Depth (m) LTOR 1.5  
Head (m) concrete 0.446  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.26  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.304  
z (mm) peak 3.98  
fs (MPa) ultimate 1.287  
z (mm) ultimate 27.27  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.071 Based on slope of the tangent 






Table B146.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.558  
q1 (MPa) 0.955  
L2 (mm) 3.98  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B146.2 Load-transfer function (t-z) 
 
 





























B147: Load Test SR147 
 
 
Pile No.: Test 5 
Database ID No.: SR147 
Original Reference: Schmertmann (1977) 
 
Table B147.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
171 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.136  
Shear length, l (m) 0.431  
Depth (m), LGS   
Depth (m) LTOR 2.92  
Head (m) concrete 0.215  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.235  
z (mm) peak 3.12  
fs (MPa) ultimate 0.844  
z (mm) ultimate 26.31  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.395 Based on slope of the tangent 






Table B147.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 3.12  
q1 (MPa) 1.235  
L2 (mm) 3.12  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
1  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B147.2 Load-transfer function (t-z) 
 
















B148: Load Test SR148 
 
 
Pile No.: Test 6 
Database ID No.: SR148 
Original Reference: Schmertmann (1977) 
 
Table B148.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
121 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.206  
Shear length, l (m) 0.289  
Depth (m), LGS   
Depth (m) LTOR 6.34  
Head (m) concrete 0.1445  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.058  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.293  
z (mm) peak 42.5  
fs (MPa) ultimate 0.216  
z (mm) ultimate 65.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.266 Based on slope of the tangent 






Table B148.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.33  
q1 (MPa) 0.088  
L2 (mm) 6.98  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.006 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B148.2 Load-transfer function (t-z) 
 










Figure B148.1 Load-transfer function (t-z) 
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B149: Load Test SR149 
 
 
Pile No.: Test 7 
Database ID No.: SR149 
Original Reference: Schmertmann (1977) 
 
Table B149.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
3047 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.117  
Shear length, l (m) 0.459  
Depth (m), LGS   
Depth (m) LTOR 1.47  
Head (m) concrete 0.229  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.41  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.06  
z (mm) peak 0.99  
fs (MPa) ultimate 1.349  
z (mm) ultimate 49.98  
Initial shear stiffness, Ksi 
(MPa/mm) 
7.551 Based on slope of the tangent 






Table B149.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.254  
q1 (MPa) 1.917  
L2 (mm) 0.99  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00005 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B149.2 Load-transfer function (t-z) 
 






























B150: Load Test SR150 
 
 
Pile No.: Test 8 
Database ID No.: SR150 
Original Reference: Schmertmann (1977) 
 
Table B150.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
205 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.237  
Shear length, l (m) 0.457  
Depth (m), LGS   
Depth (m) LTOR 6.16  
Head (m) concrete 0.2285  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.119  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.597  
z (mm) peak 2.1  
fs (MPa) ultimate 0.456  
z (mm) ultimate 51.99  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.314 Based on slope of the tangent 






Table B150.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.47  
q1 (MPa) 0.526  
L2 (mm) 42.77  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B150.2 Load-transfer function (t-z) 
 
 































B151: Load Test SR151 
 
 
Pile No.: Test 9 
Database ID No.: SR151 
Original Reference: Schmertmann (1977) 
 
Table B151.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1506 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.158  
Shear length, l (m) 0.539  
Depth (m), LGS   
Depth (m) LTOR 3.04  
Head (m) concrete 0.269  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.41  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.069  
z (mm) peak 1.11  
fs (MPa) ultimate 1.03  
z (mm) ultimate 14.07  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.78 Based on slope of the tangent 






Table B151.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.68  
q1 (MPa) 1.89  
L2 (mm) 1.11  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.36  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0005 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B151.2 Load-transfer function (t-z) 
 


































B152: Load Test SR152 
 
 
Pile No.: Test 10 
Database ID No.: SR152 
Original Reference: Schmertmann (1977) 
 
Table B152.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
842 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.238  
Shear length, l (m) 0.438  
Depth (m), LGS   
Depth (m) LTOR 6.09  
Head (m) concrete 0.219  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.194  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.972  
z (mm) peak 0.635  
fs (MPa) ultimate 0.401  
z (mm) ultimate 47.65  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.53 Based on slope of the tangent 






Table B152.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.00148  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0014 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B152.2 Load-transfer function (t-z) 
 
















































B153: Load Test SR153 
 
 
Pile No.: Test 11 
Database ID No.: SR153 
Original Reference: Schmertmann (1977) 
 
Table B153.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
285 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.192  
Shear length, l (m) 0.409  
Depth (m), LGS   
Depth (m) LTOR 1.52  
Head (m) concrete 0.204  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.168  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.845  
z (mm) peak 1.98  
fs (MPa) ultimate 0.32  
z (mm) ultimate 41.8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.586 Based on slope of the tangent 






Table B153.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.11  
q1 (MPa) 0.65  
L2 (mm) 1.98  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0004 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B153.2 Load-transfer function (t-z) 
 























B154: Load Test SR154 
 
 
Pile No.: Test 12 
Database ID No.: SR154 
Original Reference: Schmertmann (1977) 
 
Table B154.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
840 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.142  
Shear length, l (m) 0.582  
Depth (m), LGS   
Depth (m) LTOR 1.62  
Head (m) concrete 0.291  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.54  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.724  
z (mm) peak 1.54  
fs (MPa) ultimate 0.323  
z (mm) ultimate 35.56  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.768 Based on slope of the tangent 






Table B154.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B154.2 Load-transfer function (t-z) 
 






























B155: Load Test SR155 
 
 
Pile No.: Test 13 
Database ID No.: SR155 
Original Reference: Schmertmann (1977) 
 
Table B155.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1252 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.149  
Shear length, l (m) 0.507  
Depth (m), LGS   
Depth (m) LTOR 1.52  
Head (m) concrete 0.253  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.77  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.889  
z (mm) peak 5.2  
fs (MPa) ultimate 1.768  
z (mm) ultimate 30.86  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.621 Based on slope of the tangent 






Table B155.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.06  
q1 (MPa) 2.778  
L2 (mm) 5.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B155.2 Load-transfer function (t-z) 
 





































B156: Load Test SR156 
 
 
Pile No.: Test 14 
Database ID No.: SR156 
Original Reference: Schmertmann (1977) 
 
Table B156.1 Load test results 
 
Item Value  Comments 
Load test type Pull out test  
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1931 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.161  
Shear length, l (m) 0.663  
Depth (m), LGS   
Depth (m) LTOR 3.04  
Head (m) concrete 0.3315  
qu (MPa) intact 5.01  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.207  
z (mm) peak 8.2  
fs (MPa) ultimate 1.021  
z (mm) ultimate 25.2  
Initial shear stiffness, Ksi 
(MPa/mm) 
3.568 Based on slope of the tangent 






Table B156.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.15  
q1 (MPa) 0.535  
L2 (mm) 6.78  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0004 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry  If slurry used, holes are 
washed or air lifted 
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B156.2 Load-transfer function (t-z) 
 




















B157: Load Test SR157 
 
 
Pile No.: LT - 8373 
Database ID No.: SR157 
Original Reference: Brown and Thompson (2008) 
 
Table B157.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1011 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 2.46  
Depth (m), LGS 7.14  
Depth (m) LTOR 1.23  
Head (m) concrete 7.14  
qu (MPa) intact 1.33  
qu (MPa) mass   
α (Ultimate OR Max) 0.21  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.278  
z (mm) peak 9.39  
fs (MPa) ultimate 0.283  
z (mm) ultimate 18.28  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.369 Based on slope of the tangent 






Table B157.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
41 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.06  
Shear length, l (m) 1.52  
Depth (m), LGS 5.1  
Depth (m) LTOR   
Head (m) concrete 5.1  
qu (MPa) intact 0.29  
qu (MPa) mass   
α (Ultimate OR Max) 0.1  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.029  
z (mm) peak 5.8  
fs (MPa) ultimate 0.032  
z (mm) ultimate 18.28  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0175 Based on slope of the tangent 






Table B157.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Ocell-SG1  
L1 (mm) 0.154  
q1 (MPa) 0.0569  
L2 (mm) 9.39  
q2 (MPa) 0.278  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.51  
q1 (MPa) 0.0089  
L2 (mm) 9.39  




Item Value  Comments 
Strain gauge level Ocell-SG1  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0052 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.045 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 27.6  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   




















































B158: Load Test SR158 
 
 
Pile No.: LT-8461-1 
Database ID No.: SR158 
Original Reference: Brown and Thompson (2008) 
 
Table B158.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Chalk  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
213 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.22  
Shear length, l (m) 3.02  
Depth (m), LGS 8.41  
Depth (m) LTOR 0  
Head (m) concrete 8.41  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max) 0.23  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.428  
z (mm) max 110.7  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0628 Based on slope of the tangent 






Table B158.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 1.52  
q1 (MPa) 0.09576  
L2 (mm) 43.43  




Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0213 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 32.1  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B158.2 Load-transfer function (t-z) 
 




















B159: Load Test SR159 
 
 
Pile No.: LT-8461-2 
Database ID No.: SR159 
Original Reference: Brown and Thompson (2008) 
 
Table B159.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
232 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.22  
Shear length, l (m) 3.65  
Depth (m), LGS 9.7  
Depth (m) LTOR 5.7  
Head (m) concrete 9.7  
qu (MPa) intact 1.29  
qu (MPa) mass   
α (Ultimate OR Max) 0.117  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.151  
z (mm) max 12.7  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.06 Based on slope of the tangent 






Table B159.1 Cont. Load test results 
 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.68  
q1 (MPa) 0.0435  
L2 (mm) 8.38  




Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0163 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 32  
Concrete modulus, Ec (GPa)   








Calcareous silt (siltstone) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B159.2 Load-transfer function (t-z) 
 
















B160: Load Test SR160 
 
 
Pile No.: LT-8487 
Database ID No.: SR160 
Original Reference: Brown and Thompson (2008) 
 
Table B160.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
326 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.37  
Shear length, l (m) 8.06  
Depth (m), LGS 14.92  
Depth (m) LTOR 4.03  
Head (m) concrete 4.03  
qu (MPa) intact 0.34  
qu (MPa) mass   
α (Ultimate OR Max) 0.347  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.118  
z (mm) peak 27.4  
fs (MPa) ultimate 0.116  
z (mm) ultimate 47.49  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0594 Based on slope of the tangent 






Table B160.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.21  
q1 (MPa) 0.0713  
L2 (mm) 12.95  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0123 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 24.1  
Concrete modulus, Ec (GPa)   








Hard clayey silt (with some siltstone) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B160.2 Load-transfer function (t-z) 
 
















B161: Load Test SR161 
 
 
Pile No.: LT-8661 
Database ID No.: SR161 
Original Reference: Brown and Thompson (2008) 
 
Table B161.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Cooper marl  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.22  
Shear length, l (m) 3.5  
Depth (m), LGS 22.74  
Depth (m) LTOR 5.24  
Head (m) concrete 22.74  
qu (MPa) intact 0.2  
qu (MPa) mass   
α (Ultimate OR Max) 0.042  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.0084  
z (mm) max 1.75  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
N/A Based on slope of the tangent 






Table B161.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level N/A  
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level N/A  
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm)   
f’c (MPa) 32.4  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B161.2 Load-transfer function (t-z) 
 
 



















B162: Load Test SR162 
 
 
Pile No.: LT-8788 
Database ID No.: SR162 
Original Reference: Brown and Thompson (2008) 
 
Table B162.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Hard clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
80 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 3.04  
Depth (m), LGS 7.77  
Depth (m) LTOR 3.2  
Head (m) concrete 6.25  
qu (MPa) intact 0.53  
qu (MPa) mass   
α (Ultimate OR Max) 0.079  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.042  
z (mm) max 2.08  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0334 Based on slope of the tangent 






Table B162.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.71  
q1 (MPa) 0.0239  
L2 (mm) 1.37  




Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.85  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0256 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Shaft sides cleaned by auger 
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Gravity pour  
Concrete slump (mm)   
f’c (MPa) 30.2  
Concrete modulus, Ec (GPa)   








Hard clay, greenish, fossiliferous and calcareous 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B162.2 Load-transfer function (t-z) 
 
















B163: Load Test SR163 
 
 
Pile No.: LT-8912-1 
Database ID No.: SR163 
Original Reference: Brown and Thompson (2008) 
 
Table B163.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Hard clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
425 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.22  
Shear length, l (m) 5.1  
Depth (m), LGS 10.02  
Depth (m) LTOR 4.42  
Head (m) concrete 10.02  
qu (MPa) intact 0.86  
qu (MPa) mass   
α (Ultimate OR Max) 0.31  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.272  
z (mm) max 7.6  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0954 Based on slope of the tangent 






Table B163.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.37  
q1 (MPa) 0.13  
L2 (mm) 4.8  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.007 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type Auger and bucket  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm)   
f’c (MPa) 46.58  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B163.2 Load-transfer function (t-z) 
 
 



















B164: Load Test SR164 
 
 
Pile No.: LT-8912-2 
Database ID No.: SR164 
Original Reference: Brown and Thompson (2008) 
 
Table B164.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandstone/siltstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1004 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.22  
Shear length, l (m) 3.38  
Depth (m), LGS 5.02  
Depth (m) LTOR 1.67  
Head (m) concrete 5.02  
qu (MPa) intact 0.861  
qu (MPa) mass   
α (Ultimate OR Max) 0.48  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.416  
z (mm) max 3.1  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.327 Based on slope of the tangent 






Table B164.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level SG1-SG2  
L1 (mm) 0.381  
q1 (MPa) 0.106  
L2 (mm) 2.08  




Item Value  Comments 
Strain gauge level SG1-SG2  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0029 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Drilled shaft sides are cleaned 
by auger 
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Free fall  
Concrete slump (mm)   
f’c (MPa) 30.1  
Concrete modulus, Ec (GPa)   








Ripeley Formation: sandstone and siltstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B164.2 Load-transfer function (t-z) 
 

















B165: Load Test SR165 
 
 
Pile No.: Shaft 1 
Database ID No.: SR165 
Original Reference: Thompson (1994) 
 
Table B165.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the shaft’s 
butt 
Strain gauge level Socket  
Lithology Claystone Sandy 
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1644 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 1.98  
Depth (m), LGS 18.06  
Depth (m) LTOR   
Head (m) concrete 18.06  
qu (MPa) intact 3.37  
qu (MPa) mass   
α (Ultimate OR Max) 0.13  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.45  
z (mm) peak 3.27  
fs (MPa) ultimate 0.39  
z (mm) ultimate 10.6  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.831 Based on slope of the tangent 






Table B165.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.305  
q1 (MPa) 0.252  
L2 (mm) 3.27  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0006 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 26.5  
Concrete modulus, Ec (GPa) 24.39  








Gray sandy Claystone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B165.2 Load-transfer function (t-z) 
 





















B166: Load Test SR166 
 
 
Pile No.: Shaft 2 
Database ID No.: SR166 
Original Reference: Thompson (1994) 
 
Table B166.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the shaft’s 
butt 
Strain gauge level 0 – 11.5 ft.  
Lithology Claystone  
mi 4 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 3.5  
Depth (m), LGS 18.82  
Depth (m) LTOR   
Head (m) concrete 18.82  
qu (MPa) intact 3.37  
qu (MPa) mass   
α (Ultimate OR Max) 0.097  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.329  
z (mm) max 15.36  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
N/A Based on slope of the tangent 






Table B166.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 26.5  
Concrete modulus, Ec (GPa) 24.385  








Gray Claystone, sandy and fossiliferous 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B166.2 Load-transfer function (t-z) 
 





























B167: Load Test SR167 
 
 
Pile No.: Blount County 
Database ID No.: SR167 
Original Reference: Thompson (1994) 
 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.81  
Shear length, l (m) 3.65  
Depth (m), LGS 16.46  
Depth (m) LTOR   
Head (m) concrete 1.82  
qu (MPa) intact 6.17  
qu (MPa) mass   
α (Ultimate OR Max) 0.179  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.109  
z (mm) max 1.65  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.672 Based on slope of the tangent 






Table B167.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent Tip depth from GS (m) = 14.3 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm) 152.4  
f’c (MPa) 36.6  
Concrete modulus, Ec (GPa) 28.654  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B167.2 Load-transfer function (t-z) 
 






















B168: Load Test SR168 
 
 
Pile No.: Wilsonville, AL 
Database ID No.: SR168 
Original Reference: Thomson (1994) 
 
Table B168.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
946 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.812  
Shear length, l (m) 5.6  
Depth (m), LGS 4.34  
Depth (m) LTOR   
Head (m) concrete 3.27  
qu (MPa) intact 0.343  
qu (MPa) mass   
α (Ultimate OR Max) 0.94  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.324  
z (mm) peak 16.76  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.27 Based on slope of the tangent 






Table B168.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.55  
q1 (MPa) 0.148  
L2 (mm) 9.65  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0034 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavation  
Casing Not used Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 31.02  
Concrete modulus, Ec (GPa) 26.363  








Shale, yellowish, dense and highly weathered 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B168.2 Load-transfer function (t-z) 
 



















B169: Load Test SR169 
 
 
Pile No.: Owensboro 
Database ID No.: SR169 
Original Reference: Thompson (1994) 
 
Table B169.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2115 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.8  
Shear length, l (m) 5.8  
Depth (m), LGS 30.33  
Depth (m) LTOR 2.89  
Head (m) concrete 30.33  
qu (MPa) intact 2.2  
qu (MPa) mass   
α (Ultimate OR Max) 0.38  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.844  
z (mm) max 8.63  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.39 Based on slope of the tangent 






Table B169.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.609  
q1 (MPa) 0.221  
L2 (mm) 7.36  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0026 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Permanent Tip depth from GS (m) = 27.4 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 31.02  
Concrete modulus, Ec (GPa) 26.363  









RQD = 79% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B169.2 Load-transfer function (t-z) 
 




















B170: Load Test SR170 
 
 
Pile No.: Leake County 
Database ID No.: SR170 
Original Reference: Thompson (1994) 
 
Table B170.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Marl, lime-rich mud or 
mudstone 
 
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
675 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.67  
Shear length, l (m) 7.62  
Depth (m), LGS 10.2  
Depth (m) LTOR   
Head (m) concrete 3.8  
qu (MPa) intact 0.57  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.138  
z (mm) max 4.6  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0933 Based on slope of the tangent 






Table B170.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.21  
q1 (MPa) 0.0228  
L2 (mm) 3.55  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0084 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing Permanent Tip depth from GS (m) = 19.8 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 20.8  
Concrete modulus, Ec (GPa) 21.597  








Marl, lime-rich mud or mudstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B170.2 Load-transfer function (t-z) 
 





















B171: Load Test SR171 
 
 
Pile No.: Mt. Pleasant – shaft 1 
Database ID No.: SR171 
Original Reference: Thompson (1994) 
 
Table B171.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the shaft’s 
butt 
Strain gauge level Socket  
Lithology Cooper marl, lime-rich 
mudstone 
 
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
123 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.609  
Shear length, l (m) 2.1  
Depth (m), LGS 44.66  
Depth (m) LTOR   
Head (m) concrete 44.66  
qu (MPa) intact 0.13  
qu (MPa) mass   
α (Ultimate OR Max) 0.28  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.173  
z (mm) peak 3.7  
fs (MPa) ultimate 0.191  
z (mm) ultimate 28.19  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.06255 Based on slope of the tangent 






Table B171.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.48  
q1 (MPa) 0.155  
L2 (mm) 6.85  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.37  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0172 May be used for calculation of 







Item Value  Comments 
Socket construction method Not reported  
Casing Permanent Tip depth from GS (m) = 43.6 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm) 203.2  
f’c (MPa) 31  
Concrete modulus, Ec (GPa) 26.363  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B171.2 Load-transfer function (t-z) 
 

















B172: Load Test SR172 
 
 
Pile No.: Mt. Pleasant – shaft 2 
Database ID No.: SR172 
Original Reference: Thompson (1994) 
 
Table B172.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the shaft’s 
butt 
Strain gauge level Socket  
Lithology Cooper marl, lime-rich 
mudstone 
 
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
293 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.61  
Shear length, l (m) 6.1  
Depth (m), LGS 38.71  
Depth (m) LTOR   
Head (m) concrete 38.71  
qu (MPa) intact 0.137  
qu (MPa) mass   
α (Ultimate OR Max) 1.41  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak 0.184  
fs (MPa) ultimate 12.44  
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.1 Based on slope of the tangent 






Table B172.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.16  
q1 (MPa) 0.111  
L2 (mm) 2.79  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.84  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0109 May be used for calculation of 







Item Value  Comments 
Socket construction method Not reported  
Casing Permanent Tip depth from GS (m) = 35.7 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm) 152.4  
f’c (MPa) 36.5  
Concrete modulus, Ec (GPa) 28.61  








Cooper marl (lime-rich mudstone) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B172.2 Load-transfer function (t-z) 
 

















B173: Load Test SR173 
 
 
Pile No.: St. Croix River 
Database ID No.: SR173 
Original Reference: O’Neill and Majano (1996) 
 
Table B173.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
143 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.22  
Shear length, l (m) 3.04  
Depth (m), LGS 46.52  
Depth (m) LTOR 32.8  
Head (m) concrete 1.82  
qu (MPa) intact 4.21  
qu (MPa) mass   
α (Ultimate OR Max) 0.37  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.574  
z (mm) max 33.02  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0433 Based on slope of the tangent 






Table B173.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing  Tip depth from GS (m) =  
Drill bit type Rock auger  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm) 228.6  
f’c (MPa) 55.1  
Concrete modulus, Ec (GPa)   









RQD was between 35% and 40% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B173.2 Load-transfer function (t-z) 
 


















B174: Load Test SR174 
 
 
Pile No.: San Antonio Site Test Shaft 2 
Database ID No.: SR174 
Original Reference: Vijayvergiya et al. (1969) 
 
Table B174.1 Load test results 
 
Item Value  Comments 
Load test type Conventional  
Strain gauge level 22.65 ft.  
Lithology Clayshale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
246 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 1.6  
Depth (m), LGS 6.9  
Depth (m) LTOR 0.8  
Head (m) concrete 6.9  
qu (MPa) intact 1.76  
qu (MPa) mass   
α (Ultimate OR Max) 0.27  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.483  
z (mm) max 10.92  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.111 Based on slope of the tangent 






Table B174.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional  
Strain gauge level 26.52 ft.  
Lithology Clayshale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1176 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 4  
Depth (m), LGS 8.1  
Depth (m) LTOR 2  
Head (m) concrete 8.1  
qu (MPa) intact 1.76  
qu (MPa) mass   
α (Ultimate OR Max) 0.55  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.968  
z (mm) max 10.66  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.297 Based on slope of the tangent 






Table B174.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 22.65 ft.  
L1 (mm) 1.6  
q1 (MPa) 0.196  
L2 (mm) 4.77  
q2 (MPa) 0.342  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 26.52 ft.  
L1 (mm) 0.6  
q1 (MPa) 0.234  
L2 (mm) 5.76  




Item Value  Comments 
Strain gauge level 22.65 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0071 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 26.52 ft.  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0028 May be used for calculation of 












Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B174.2 Load-transfer function (t-z) 
 
At 22.65 ft. 
 





















Table B174.3 Load-transfer function (t-z) 
 
At 26.52 ft. 
 





















B175: Load Test SR175 
 
 
Pile No.: Pile K 
Database ID No.: SR175 
Original Reference: Whitaker and Cooke (1966) 
 
Table B175.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Load cell at the base 
Strain gauge level Socket  
Lithology London Clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
83 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.8  
Shear length, l (m) 15.21  
Depth (m), LGS 7.6  
Depth (m) LTOR 7.6  
Head (m) concrete 7.6  
qu (MPa) intact 0.24  
qu (MPa) mass   
α (Ultimate OR Max) 0.21  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.05  
z (mm) peak 23.87  
fs (MPa) ultimate 0.044  
z (mm) ultimate 246.88  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.011 Based on slope of the tangent 






Table B175.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.4  
q1 (MPa) 0.0489  
L2 (mm) 23.87  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0311 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B175.2 Load-transfer function (t-z) 
 
















B176: Load Test SR176 
 
 
Pile No.: Pile X 
Database ID No.: SR176 
Original Reference: Whitaker and Cooke (1966) 
 
Table B176.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Load cell at the base 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
60 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.62  
Shear length, l (m) 9.14  
Depth (m), LGS 4.57  
Depth (m) LTOR 4.57  
Head (m) concrete 4.57  
qu (MPa) intact 0.21  
qu (MPa) mass   
α (Ultimate OR Max) 0.2  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.043  
z (mm) peak 3.27  
fs (MPa) ultimate 0.048  
z (mm) ultimate 149.35  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0236 Based on slope of the tangent 






Table B176.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 3.27  
q1 (MPa) 0.0438  
L2 (mm) 3.27  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0048 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B176.2 Load-transfer function (t-z) 
 















B177: Load Test SR177 
 
 
Pile No.: Pile N 
Database ID No.: SR177 
Original Reference: Whitaker and Cooke (1966) 
 
Table B177.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Load cell at the base 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
161 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.94  
Shear length, l (m) 15.24  
Depth (m), LGS 7.62  
Depth (m) LTOR 7.62  
Head (m) concrete 7.62  
qu (MPa) intact 0.24  
qu (MPa) mass   
α (Ultimate OR Max) 0.275  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.066  
z (mm) peak 39.11  
fs (MPa) ultimate 0.06  
z (mm) ultimate 198.88  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0213 Based on slope of the tangent 






Table B177.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.23  
q1 (MPa) 0.0475  
L2 (mm) 39.11  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0147 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B177.2 Load-transfer function (t-z) 
 















B178: Load Test SR178 
 
 
Pile No.: Pile A 
Database ID No.: SR178 
Original Reference: Whitaker and Cooke (1966) 
 
Table B178.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
80 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.78  
Shear length, l (m) 10.97  
Depth (m), LGS 6.7  
Depth (m) LTOR 6.7  
Head (m) concrete 6.7  
qu (MPa) intact 0.23  
qu (MPa) mass   
α (Ultimate OR Max) 0.29  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.067  
z (mm) peak 9.9  
fs (MPa) ultimate 0.057  
z (mm) ultimate 304.8  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0146 Based on slope of the tangent 






Table B178.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 3.3  
q1 (MPa) 0.0482  
L2 (mm) 9.9  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0216 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B178.2 Load-transfer function (t-z) 
 


















B179: Load Test SR179 
 
 
Pile No.: Pile F 
Database ID No.: SR179 
Original Reference: Whitaker and Cooke (1966) 
 
Table B179.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
27 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.62  
Shear length, l (m) 11.12  
Depth (m), LGS 6.63  
Depth (m) LTOR 6.63  
Head (m) concrete 6.63  
qu (MPa) intact 0.22  
qu (MPa) mass   
α (Ultimate OR Max) 0.32  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.071  
z (mm) peak 39.37  
fs (MPa) ultimate 0.069  
z (mm) ultimate 151.13  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.00486 Based on slope of the tangent 






Table B179.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 9.39  
q1 (MPa) 0.0456  
L2 (mm) 39.37  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0553 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B179.2 Load-transfer function (t-z) 
 


















B180: Load Test SR180 
 
 
Pile No.: Pile M 
Database ID No.: SR180 
Original Reference: Whitaker and Cooke (1966) 
 
Table B180.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
86 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.77  
Shear length, l (m) 14.6  
Depth (m), LGS 8.68  
Depth (m) LTOR 8.68  
Head (m) concrete 8.68  
qu (MPa) intact 0.24  
qu (MPa) mass   
α (Ultimate OR Max) 0.28  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.067  
z (mm) peak 24.89  
fs (MPa) ultimate 0.064  
z (mm) ultimate 112.52  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0118 Based on slope of the tangent 






Table B180.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.97  
q1 (MPa) 0.0351  
L2 (mm) 24.89  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0392 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B180.2 Load-transfer function (t-z) 
 



















B181: Load Test SR181 
 
 
Pile No.: Pile L 
Database ID No.: SR181 
Original Reference: Whitaker and Cooke (1966) 
 
Table B181.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
39 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.21 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.77  
Shear length, l (m) 8.2  
Depth (m), LGS 5.44  
Depth (m) LTOR 5.44  
Head (m) concrete 5.44  
qu (MPa) intact 0.21  
qu (MPa) mass   
α (Ultimate OR Max) 0.21  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.044  
z (mm) peak 19.81  
fs (MPa) ultimate 0.038  
z (mm) ultimate 241.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0141 Based on slope of the tangent 






Table B181.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.26  
q1 (MPa) 0.0413  
L2 (mm) 19.81  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0462 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B181.2 Load-transfer function (t-z) 
 



















B182: Load Test SR182 
 
 
Pile No.: Pile H 
Database ID No.: SR182 
Original Reference: Whitaker and Cooke  (1966) 
 
Table B182.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
85 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.77  
Shear length, l (m) 12.22  
Depth (m), LGS 6.11  
Depth (m) LTOR 6.11  
Head (m) concrete 6.11  
qu (MPa) intact 0.23  
qu (MPa) mass   
α (Ultimate OR Max) 0.3  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.07  
z (mm) peak 10.16  
fs (MPa) ultimate 0.05  
z (mm) ultimate 155.19  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.01037 Based on slope of the tangent 






Table B182.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.29  
q1 (MPa) 0.0604  
L2 (mm) 10.16  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.16  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.041 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B182.2 Load-transfer function (t-z) 
 






















B183: Load Test SR183 
 
 
Pile No.: Pile P 
Database ID No.: SR183 
Original Reference: Whitaker and Cooke (1966) 
 
Table B183.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
178 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.94  
Shear length, l (m) 14.54  
Depth (m), LGS 8.97  
Depth (m) LTOR 8.97  
Head (m) concrete 8.97  
qu (MPa) intact 0.24  
qu (MPa) mass   
α (Ultimate OR Max) 0.25  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.062  
z (mm) peak 26.16  
fs (MPa) ultimate 0.055  
z (mm) ultimate 212.1  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0246 Based on slope of the tangent 






Table B183.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.6  
q1 (MPa) 0.0393  
L2 (mm) 26.16  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0139 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B183.2 Load-transfer function (t-z) 
 
 


















B184: Load Test SR184 
 
 
Pile No.: Pile G 
Database ID No.: SR184 
Original Reference: Whitaker and Cooke (1966) 
 
Table B184.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
123 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.77  
Shear length, l (m) 9.39  
Depth (m), LGS 4.7  
Depth (m) LTOR 4.7  
Head (m) concrete 4.7  
qu (MPa) intact 0.23  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.056  
z (mm) peak 29.97  
fs (MPa) ultimate 0.05  
z (mm) ultimate 186.94  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0262 Based on slope of the tangent 






Table B184.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.11  
q1 (MPa) 0.0291  
L2 (mm) 29.97  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0185 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B184.2 Load-transfer function (t-z) 
 





















B185: Load Test SR185 
 
 
Pile No.: Pile D 
Database ID No.: SR185 
Original Reference: Whitaker and Cooke (1966) 
 
Table B185.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
67 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.635  
Shear length, l (m) 9.29  
Depth (m), LGS 4.65  
Depth (m) LTOR 4.65  
Head (m) concrete 4.65  
qu (MPa) intact 0.21  
qu (MPa) mass   
α (Ultimate OR Max) 0.157  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.033  
z (mm) peak 2.3  
fs (MPa) ultimate 0.027  
z (mm) ultimate 129.03  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.01453 Based on slope of the tangent 






Table B185.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.28  
q1 (MPa) 0.0334  
L2 (mm) 2.28  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0626 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B185.2 Load-transfer function (t-z) 
 
















B186: Load Test SR186 
 
 
Pile No.: Pile O 
Database ID No.: SR186 
Original Reference: Whitaker and Cooke (1966) 
 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
113 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.94  
Shear length, l (m) 11.3  
Depth (m), LGS 7.1  
Depth (m) LTOR 7.1  
Head (m) concrete 7.1  
qu (MPa) intact 0.23  
qu (MPa) mass   
α (Ultimate OR Max) 0.4  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.092  
z (mm) peak 10.5  
fs (MPa) ultimate 0.054  
z (mm) ultimate 306.57  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0199 Based on slope of the tangent 






Table B186.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.24  
q1 (MPa) 0.0861  
L2 (mm) 10.54  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.46  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.046 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B186.2 Load-transfer function (t-z) 
 




















B187: Load Test SR187 
 
 
Pile No.: Pile E 
Database ID No.: SR187 
Original Reference: Whitaker and Cooke (1966) 
 
Table B187.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology London clay  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
53 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.63  
Shear length, l (m) 8.1  
Depth (m), LGS 5.2  
Depth (m) LTOR 5.2  
Head (m) concrete 5.2  
qu (MPa) intact 0.21  
qu (MPa) mass   
α (Ultimate OR Max) 0.29  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.061  
z (mm) peak 13.7  
fs (MPa) ultimate 0.057  
z (mm) ultimate 218.94  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0218 Based on slope of the tangent 






Table B187.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.57  
q1 (MPa) 0.0607  
L2 (mm) 4.57  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0292 May be used for calculation of 







Item Value  Comments 
Socket construction method  Shaft was cleaned 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 37.4 The compressive strength 
ranged from 3980 psi to 6870 
psi.  The value of 37.4 MPa 
reported here is an average 
value. 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B187.2 Load-transfer function (t-z) 
 


















B188: Load Test SR188 
 
 
Pile No.: Shaft 5 
Database ID No.: SR188 
Original Reference: O’Neill et al. (1992) 
 
Table B188.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Void at the base 
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
205 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 6.1  
Depth (m), LGS 10.97  
Depth (m) LTOR 3.04  
Head (m) concrete 10.97  
qu (MPa) intact 3.25  
qu (MPa) mass   
α (Ultimate OR Max) 0.083  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.27  
z (mm) max 31.75  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0682 Based on slope of the tangent 






Table B188.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.73  
q1 (MPa) 0.0497  
L2 (mm) 12.95  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0143 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Void below the tip 
Casing Permanent Tip depth from GS (m) = 7.9 
(26 ft.) 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   









Eagle Ford formation 
Several bentonite seams 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B188.2 Load-transfer function (t-z) 
 


















B189: Load Test SR189 
 
 
Pile No.: Shaft 6 
Database ID No.: SR189 
Original Reference: O’Neill et al. (1992) 
 
Table B189.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Clay-shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
366 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 6.1  
Depth (m), LGS 10.97  
Depth (m) LTOR 3.04  
Head (m) concrete 10.97  
qu (MPa) intact 3.44  
qu (MPa) mass   
α (Ultimate OR Max) 0.144  
Measured roughness (mm) 19.05  
Mobilized roughness (mm)   
fs (MPa) max 0.392  
z (mm) max 36.32  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.12 Based on slope of the tangent 






Table B189.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.762  
q1 (MPa) 0.0919  
L2 (mm) 17.27  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0105 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Void below the tip 
Casing Permanent Tip depth from GS (m) = 7.9 
(26 ft.) 
Drill bit type Auger After drilling, the hole was 
rifled (grooves are 0.75 in. 
deep) 
 
There is a possibility that 
bentonite is smeared on the 
sides of the hole 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B189.2 Load-transfer function (t-z) 
 




















B190: Load Test 190 
 
 
Pile No.: Anchor Set 2: A1 
Database ID No.: SR190 
Original Reference: Baycan (1996) 
 
Table B190.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression, bottom loaded 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
694 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.74  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.235  
z (mm) peak 4.39  
fs (MPa) ultimate 3.919  
z (mm) ultimate 9.95  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.5956 Based on slope of the tangent 






Table B190.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.455  
q1 (MPa) 1.181  
L2 (mm) 3.36  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0003 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B190.2 Load-transfer function (t-z) 
 






















B191: Load Test SR191 
 
 
Pile No.: Anchor Set 2: A2 
Database ID No.: SR191 
Original Reference: Baycan (1996) 
 
Table B191.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression test 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
389 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.54  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.082  
z (mm) peak 6.14  
fs (MPa) ultimate 2.528  
z (mm) ultimate 28.26  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.377 Based on slope of the tangent 






Table B191.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.622  
q1 (MPa) 0.857  
L2 (mm) 6.14  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0005 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   













Figure B191.1 Load-transfer function (t-z) 
 
  













B192: Load Test SR192 
 
 
Pile No.: Anchor Set 2: A3 
Database ID No.: SR192 
Original Reference: Baycan (1996) 
 
Table B192.1 Load test results 
 
Item Value  Comments 
Load test type Compression Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2391 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.63  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.606  
z (mm) peak 4.27  
fs (MPa) ultimate 3.69  
z (mm) ultimate 27.68  
Initial shear stiffness, Ksi 
(MPa/mm) 
8.457 Based on slope of the tangent 






Table B192.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.304  
q1 (MPa) 2.571  
L2 (mm) 4.27  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00003 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B192.2 Load-transfer function (t-z) 
 




















B193: Load Test SR193 
 
 
Pile No.: Anchor Set 2: A4 
Database ID No.: SR193 
Original Reference: Baycan (1996) 
 
Table B193.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
7547 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 1.39  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 7.928  
z (mm) peak 0.297  
fs (MPa) ultimate 7.653  
z (mm) ultimate 28.75  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.669 Based on slope of the tangent 






Table B193.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.297  
q1 (MPa) 7.928  
L2 (mm) 0.297  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.86  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00002 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B193.2 Load-transfer function (t-z) 
 




















B194: Load Test SR194 
 
 
Pile No.: Anchor Set 2: A5 
Database ID No.: SR194 
Original Reference: Baycan (1996) 
 
Table B194.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1577 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.78  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.448  
z (mm) peak 6.36  
fs (MPa) ultimate 3.713  
z (mm) ultimate 26.86  
Initial shear stiffness, Ksi 
(MPa/mm) 
5.579 Based on slope of the tangent 






Table B194.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.419  
q1 (MPa) 2.338  
L2 (mm) 6.36  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00001 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B194.2 Load-transfer function (t-z) 
 























B195: Load Test SR195 
 
 
Pile No.: Anchor Set 2: A6 
Database ID No.: SR195 
Original Reference: Baycan (1996) 
 
Table B195.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2067 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.91  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 5.194  
z (mm) peak 3.82  
fs (MPa) ultimate 5.328  
z (mm) ultimate 19.49  
Initial shear stiffness, Ksi 
(MPa/mm) 
13.359 Based on slope of the tangent 






Table B195.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.55  
q1 (MPa) 4.021  
L2 (mm) 3.82  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00009 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B195.2 Load-transfer function (t-z) 
 



















B196: Load Test SR196 
 
 
Pile No.: Anchor Set 2: A7 
Database ID No.: SR196 
Original Reference: Baycan (1996) 
 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
7722 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 2.13  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 12.123  
z (mm) max 1.75  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
23.33 Based on slope of the tangent 






Table B196.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.093  
q1 (MPa) 2.54  
L2 (mm) 1.13  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00004 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B196.2 Load-transfer function (t-z) 
 














B197: Load Test SR197 
 
 
Pile No.: Anchor Set 2: A8 
Database ID No.: SR197 
Original Reference: Baycan (1996) 
 
Table B197.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1392 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.97  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 5.542  
z (mm) peak 6.37  
fs (MPa) ultimate 4.296  
z (mm) ultimate 24.29  
Initial shear stiffness, Ksi 
(MPa/mm) 
4.926 Based on slope of the tangent 






Table B197.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.503  
q1 (MPa) 2.478  
L2 (mm) 6.37  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0001 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B197.2 Load-transfer function (t-z) 
 























B198: Load Test SR198 
 
 
Pile No.: Anchor Set 2: A9 
Database ID No.: SR198 
Original Reference: Baycan (1996) 
 
Table B198.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1073 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max) 1  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 5.734  
z (mm) peak 1.51  
fs (MPa) ultimate 3.75  
z (mm) ultimate 26.14  
Initial shear stiffness, Ksi 
(MPa/mm) 
3.906 Based on slope of the tangent 






Table B198.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.51  
q1 (MPa) 5.734  
L2 (mm) 1.51  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.22  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B198.2 Load-transfer function (t-z) 
 


















B199: Load Test SR199 
 
 
Pile No.: Anchor Set 2: A10 
Database ID No.: SR199 
Original Reference: Baycan (1996) 
 
Table B199.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression test 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2775 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 1.16  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 6.636  
z (mm) peak 1.74  
fs (MPa) ultimate 4.902  
z (mm) ultimate 25.29  
Initial shear stiffness, Ksi 
(MPa/mm) 
4.69 Based on slope of the tangent 






Table B199.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.311  
q1 (MPa) 3.053  
L2 (mm) 1.74  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0001 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B199.2 Load-transfer function (t-z) 
 

















B200: Load Test 200 
 
 
Pile No.: Anchor Set 2: A11 
Database ID No.: SR200 
Original Reference: Baycan (1996) 
 
Table B200.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
5764 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 1.16  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 6.626  
z (mm) peak 0.325  
fs (MPa) ultimate 5.877  
z (mm) ultimate 25.33  
Initial shear stiffness, Ksi 
(MPa/mm) 
13.656 Based on slope of the tangent 






Table B200.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.325  
q1 (MPa) 6.626  
L2 (mm) 0.325  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.9  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B200.2 Load-transfer function (t-z) 
 



















B201: Load Test SR201 
 
 
Pile No.: Anchor Set 2: A12 
Database ID No.: SR201 
Original Reference: Baycan (1996) 
 
Table B201.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Compression 
Load applied at the bottom 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2090 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.25  
Depth (m), LGS 1.625  
Depth (m) LTOR 1.625  
Head (m) concrete 0.125  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 1.577  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 8.972  
z (mm) peak 1.9  
fs (MPa) ultimate 6.386  
z (mm) ultimate 20.01  
Initial shear stiffness, Ksi 
(MPa/mm) 
7.395 Based on slope of the tangent 






Table B201.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.63  
q1 (MPa) 4.659  
L2 (mm) 1.9  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.64  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0001 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B201.2 Load-transfer function (t-z) 
 

















B202: Load Test SR202 
 
 
Pile No.: Anchor Set 1: 000A 
Database ID No.: SR202 
Original Reference: Baycan (1996) 
 
Table B202.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
429 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.72  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.14  
z (mm) peak 33.86  
fs (MPa) ultimate 4.2  
z (mm) ultimate 65.95  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.14 Based on slope of the tangent 






Table B202.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.82  
q1 (MPa) 0.935  
L2 (mm) 33.86  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0008 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B202.2 Load-transfer function (t-z) 
 
 


















B203: Load Test SR203 
 
 
Pile No.: Anchor Set 1: 000B 
Database ID No.: SR203 
Original Reference: Baycan (1996) 
 
Table B203.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
209 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.09  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.847  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.819  
z (mm) max 39.86  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.556 Based on slope of the tangent 






Table B203.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.41  
q1 (MPa) 0.785  
L2 (mm) 7.11  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0013 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B203.2 Load-transfer function (t-z) 
 














B204: Load Test SR204 
 
 
Pile No.: Anchor Set 1: 100A 
Database ID No.: SR204 
Original Reference: Baycan (1996) 
 
Table B204.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1478 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.72  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.1  
z (mm) max 54.88  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
3.922 Based on slope of the tangent 






Table B204.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.181  
q1 (MPa) 0.71  
L2 (mm) 40.25  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B204.2 Load-transfer function (t-z) 
 
















B205: Load Test SR205 
 
 
Pile No.: Anchor Set 1: 100B 
Database ID No.: SR205 
Original Reference:  Baycan (1996) 
 
Table B205.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
216 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.09  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.82  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.717  
z (mm) max 40.59  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.6 Based on slope of the tangent 






Table B205.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.19  
q1 (MPa) 1.258  
L2 (mm) 7.63  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B205.2 Load-transfer function (t-z) 
 














B206: Load Test SR206 
 
 
Pile No.: Anchor Set 1: 200A 
Database ID No.: SR206 
Original Reference: Baycan (1996) 
 
Table B206.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
269 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.74  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.26  
z (mm) max 85.79  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.558 Based on slope of the tangent 






Table B206.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.68  
q1 (MPa) 1.918  
L2 (mm) 5.5  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.001 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B206.2 Load-transfer function (t-z) 
 














B207: Load Test SR207 
 
 
Pile No.: Anchor Set 1: 200B 
Database ID No.: SR207 
Original Reference: Baycan (1996) 
 
Table B207.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
250 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.09  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.55  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.134  
z (mm) peak 4.71  
fs (MPa) ultimate 1.047  
z (mm) ultimate 68.92  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.705 Based on slope of the tangent 






Table B207.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.71  
q1 (MPa) 3.134  
L2 (mm) 4.71  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.39  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B207.2 Load-transfer function (t-z) 
 
















B208: Load Test SR208 
 
 
Pile No.: Anchor Set 1: 200C 
Database ID No.: SR208 
Original Reference: Baycan (1996) 
 
Table B208.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
116 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.84  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.796  
z (mm) max 52.98  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.302 Based on slope of the tangent 






Table B208.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 11.53  
q1 (MPa) 3.578  
L2 (mm) 11.53  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0025 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B208.2 Load-transfer function (t-z) 
 














B209: Load Test SR209 
 
 
Pile No.: Anchor Set 1: 300A 
Database ID No.: SR209 
Original Reference: Baycan (1996) 
 
Table B209.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
92 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.098  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.8  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.564  
z (mm) max 105.09  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.36 Based on slope of the tangent 






Table B209.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 3.28  
q1 (MPa) 0.805  
L2 (mm) 74.54  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0026 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B209.2 Load-transfer function (t-z) 
 

















B210: Load Test SR210 
 
 
Pile No.: Anchor Set 1: 300B 
Database ID No.: SR210 
Original Reference: Baycan (1996) 
 
Table B210.1 Load test results 
 
Item Value  Comments 
Load test type Anchor test Tension 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
425 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.09  
Shear length, l (m) 0.5  
Depth (m), LGS 2.25  
Depth (m) LTOR 2.25  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.58  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.329  
z (mm) peak 56.05  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.127 Based on slope of the tangent 






Table B210.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.718  
q1 (MPa) 1.937  
L2 (mm) 4.6  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B210.2 Load-transfer function (t-z) 
 















B211: Load Test SR211 
 
 
Pile No.: Pile Test, P1 
Database ID No.: SR211 
Original Reference: Baycan (1996) 
 
Table B211.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
619 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.92  
qu (MPa) mass   
α (Ultimate OR Max) 0.79  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 3.901  
z (mm) max 8.76  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.789 Based on slope of the tangent 






Table B211.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.19  
q1 (MPa) 0.939  
L2 (mm) 6.83  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B211.2 Load-transfer function (t-z) 
 
















B212: Load Test SR212 
 
 
Pile No.: Pile Test, P3 
Database ID No.: SR212 
Original Reference: Baycan (1996) 
 
Table B212.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1048 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.074  
qu (MPa) mass   
α (Ultimate OR Max) 0.59  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.42  
z (mm) peak 10.86  
fs (MPa) ultimate 1.996  
z (mm) ultimate 24.23  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.335 Based on slope of the tangent 






Table B212.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.492  
q1 (MPa) 0.657  
L2 (mm) 10.86  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0007 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B212.2 Load-transfer function (t-z) 
 



















B213: Load Test SR213 
 
 
Pile No.: Pile Test, P4 
Database ID No.: SR213 
Original Reference: Baycan (1996) 
 
Table B213.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
296 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.255  
qu (MPa) mass   
α (Ultimate OR Max) 0.91  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.948  
z (mm) peak 16.63  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.377 Based on slope of the tangent 






Table B213.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.78  
q1 (MPa) 1.804  
L2 (mm) 13.45  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.061  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B213.2 Load-transfer function (t-z) 
 

















B214: Load Test SR214 
 
 
Pile No.: Pile Test, P5 
Database ID No.: SR214 
Original Reference: Baycan (1996) 
 
Table B214.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
754 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.367  
qu (MPa) mass   
α (Ultimate OR Max) 0.33  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.822  
z (mm) peak 11.29  
fs (MPa) ultimate 1.824  
z (mm) ultimate 12.48  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.96 Based on slope of the tangent 






Table B214.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.254  
q1 (MPa) 0.244  
L2 (mm) 6.51  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0007 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B214.2 Load-transfer function (t-z) 
 


















B215: Load Test SR215 
 
 
Pile No.: Pile Test, P6 
Database ID No.: SR215 
Original Reference: Baycan (1996) 
 
Table B215.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1144 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.92  
qu (MPa) mass   
α (Ultimate OR Max) 0.49  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.411  
z (mm) peak 5.49  
fs (MPa) ultimate 2.143  
z (mm) ultimate 21.88  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.457 Based on slope of the tangent 






Table B215.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.47  
q1 (MPa) 0.685  
L2 (mm) 5.49  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0005 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B215.2 Load-transfer function (t-z) 
 


















B216: Load Test SR216 
 
 
Pile No.: Pile Test, P7 
Database ID No.: SR216 
Original Reference: Baycan (1996) 
 
Table B216.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
811 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 3.184  
qu (MPa) mass   
α (Ultimate OR Max) 0.52  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.656  
z (mm) peak 3.5  
fs (MPa) ultimate 1.661  
z (mm) ultimate 39.33  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.033 Based on slope of the tangent 






Table B216.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.4  
q1 (MPa) 1.447  
L2 (mm) 3.5  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0009 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B216.2 Load-transfer function (t-z) 
 



















B217: Load Test SR217 
 
 
Pile No.: Pile Test, P8 
Database ID No.: SR217 
Original Reference: Baycan (1996) 
 
Table B217.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
7441 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.065  
qu (MPa) mass   
α (Ultimate OR Max) 0.75  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.83  
z (mm) peak 6.56  
fs (MPa) ultimate 3.022  
z (mm) ultimate 17.67  
Initial shear stiffness, Ksi 
(MPa/mm) 
9.475 Based on slope of the tangent 






Table B217.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.16  
q1 (MPa) 1.516  
L2 (mm) 6.56  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0001 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B217.2 Load-transfer function (t-z) 
 


















B218: Load Test SR218 
 
 
Pile No.: Pile Test, P9 
Database ID No.: SR218 
Original Reference: Baycan (1996) 
 
Table B218.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1162 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.525  
qu (MPa) mass   
α (Ultimate OR Max) 0.33  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.824  
z (mm) peak 2.87  
fs (MPa) ultimate 1.679  
z (mm) ultimate 29.16  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.48 Based on slope of the tangent 






Table B218.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.85  
q1 (MPa) 1.258  
L2 (mm) 2.87  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0006 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B218.2 Load-transfer function (t-z) 
 

















B219: Load Test SR219 
 
 
Pile No.: Pile Test, P10 
Database ID No.: SR219 
Original Reference: Baycan (1996) 
 
Table B219.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
4967 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 6.116  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.487  
z (mm) max 4.17  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
6.325 Based on slope of the tangent 






Table B219.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.12  
q1 (MPa) 0.759  
L2 (mm) 2.04  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B219.2 Load-transfer function (t-z) 
 















B220: Load Test SR220 
 
 
Pile No.: Pile Test, P11 
Database ID No.: SR220 
Original Reference: Baycan (1996) 
 
Table B220.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1339 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.139  
qu (MPa) mass   
α (Ultimate OR Max) 0.89  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 4.598  
z (mm) max 3.06  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.705 Based on slope of the tangent 






Table B220.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.26  
q1 (MPa) 3.855  
L2 (mm) 2.26  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.22  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B220.2 Load-transfer function (t-z) 
 











Figure B220.1 Load-transfer function (t-z) 
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B221: Load Test SR221 
 
 
Pile No.: Pile Test, P12 
Database ID No.: SR221 
Original Reference: Baycan (1996) 
 
Table B221.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1260 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.688  
qu (MPa) mass   
α (Ultimate OR Max) 0.46  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.62  
z (mm) peak 5.82  
fs (MPa) ultimate 2.625  
z (mm) ultimate 7.69  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.605 Based on slope of the tangent 






Table B221.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.256  
q1 (MPa) 0.411  
L2 (mm) 5.82  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0005 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B221.2 Load-transfer function (t-z) 
 

















B222: Load Test SR222 
 
 
Pile No.: Pile Test, P13 
Database ID No.: SR222 
Original Reference: Baycan (1996) 
 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
5310 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.3  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.255  
qu (MPa) mass   
α (Ultimate OR Max) 0.98  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.203  
z (mm) peak 2.11  
fs (MPa) ultimate 3.762  
z (mm) ultimate 4.02  
Initial shear stiffness, Ksi 
(MPa/mm) 
6 Based on slope of the tangent 






Table B222.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.13  
q1 (MPa) 0.879  
L2 (mm) 2.11  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0001 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B222.2 Load-transfer function (t-z) 
 
 


















B223: Load Test SR223 
 
 
Pile No.: Pile Test, S1 
Database ID No.: SR223 
Original Reference: Baycan (1996) 
 
Table B223.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
3352 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.139  
qu (MPa) mass   
α (Ultimate OR Max) 0.64  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.323  
z (mm) peak 1.09  
fs (MPa) ultimate 2.373  
z (mm) ultimate 25.98  
Initial shear stiffness, Ksi 
(MPa/mm) 
3.302 Based on slope of the tangent 






Table B223.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.09  
q1 (MPa) 3.323  
L2 (mm) 1.09  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.52  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0003 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B223.2 Load-transfer function (t-z) 
 


















B224: Load Test SR224 
 
 
Pile No.: Pile Test, S2 
Database ID No.: SR224 
Original Reference: Baycan (1996) 
 
Table B224.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1111 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.525  
qu (MPa) mass   
α (Ultimate OR Max) 0.61  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.367  
z (mm) peak 11.71  
fs (MPa) ultimate 3.351  
z (mm) ultimate 18.65  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.01 Based on slope of the tangent 






Table B224.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.55  
q1 (MPa) 0.556  
L2 (mm) 11.71  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0009 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B224.2 Load-transfer function (t-z) 
 
















B225: Load Test SR225 
 
 
Pile No.: Pile Test, S3 
Database ID No.: SR225 
Original Reference: Baycan (1996) 
 
Table B225.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
842 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.139  
qu (MPa) mass   
α (Ultimate OR Max) 0.59  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.031  
z (mm) peak 10.7  
fs (MPa) ultimate 2.293  
z (mm) ultimate 20.32  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.765 Based on slope of the tangent 






Table B225.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.02  
q1 (MPa) 1.547  
L2 (mm) 10.7  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.84  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B225.2 Load-transfer function (t-z) 
 




















B226: Load Test SR226 
 
 
Pile No.: Pile Test, S4 
Database ID No.: SR226 
Original Reference: Baycan (1996) 
 
Table B226.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1168 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.255  
qu (MPa) mass   
α (Ultimate OR Max) 0.43  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.857  
z (mm) peak 12.5  
fs (MPa) ultimate 1.865  
z (mm) ultimate 18.37  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.063 Based on slope of the tangent 






Table B226.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.428  
q1 (MPa) 0.455  
L2 (mm) 12.5  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0009 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B226.2 Load-transfer function (t-z) 
 
















B227: Load Test SR227 
 
 
Pile No.: Pile Test, S5 
Database ID No.: SR227 
Original Reference: Baycan (1996) 
 
Table B227.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1228 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.255  
qu (MPa) mass   
α (Ultimate OR Max) 0.73  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.118  
z (mm) peak 7.46  
fs (MPa) ultimate 1.712  
z (mm) ultimate 30.49  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.272 Based on slope of the tangent 






Table B227.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.15  
q1 (MPa) 1.285  
L2 (mm) 7.46  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0006 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B227.2 Load-transfer function (t-z) 
 




















B228: Load Test SR228 
 
 
Pile No.: Pile Test, S6 
Database ID No.: SR228 
Original Reference: Baycan (1996) 
 
Table B228.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1920 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.643  
qu (MPa) mass   
α (Ultimate OR Max) 0.48  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 2.242  
z (mm) max 8.78  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.746 Based on slope of the tangent 






Table B228.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.146  
q1 (MPa) 0.255  
L2 (mm) 5.18  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0005 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B228.2 Load-transfer function (t-z) 
 


















B229: Load Test SR229 
 
 
Pile No.: Pile Test, S7 
Database ID No.: SR229 
Original Reference: Baycan (1996) 
 
Table B229.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1253 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.214  
qu (MPa) mass   
α (Ultimate OR Max) 0.58  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.033  
z (mm) peak 5.2  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.192 Based on slope of the tangent 






Table B229.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.44  
q1 (MPa) 1.642  
L2 (mm) 3.49  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.92  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0007 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B229.2 Load-transfer function (t-z) 
 
















B230: Load Test SR230 
 
 
Pile No.: Pile Test, S8 
Database ID No.: SR230 
Original Reference: Baycan (1996) 
 
Table B230.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1161 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.92  
qu (MPa) mass   
α (Ultimate OR Max) 0.72  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.57  
z (mm) peak 13.34  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1 Based on slope of the tangent 






Table B230.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.5  
q1 (MPa) 0.528  
L2 (mm) 10.47  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0009 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B230.2 Load-transfer function (t-z) 
 
















B231: Load Test: SR231 
 
 
Pile No.: Pile Test, S9 
Database ID No.: SR231 
Original Reference: Baycan (1996) 
 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
642 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.446  
qu (MPa) mass   
α (Ultimate OR Max) 0.65  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.575  
z (mm) peak 7.39  
fs (MPa) ultimate 3.372  
z (mm) ultimate 18.25  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.605 Based on slope of the tangent 






Table B231.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 5.37  
q1 (MPa) 3.138  
L2 (mm) 7.39  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.75  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0017 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 0 kg/m3 
σprecompress = 0 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B231.2 Load-transfer function (t-z) 
 


















B232: Load Test SR232 
 
 
Pile No.: Pile Test, S10 
Database ID No.: SR232 
Original Reference: Baycan (1996) 
 
Table B232.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
5126 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 6.576  
qu (MPa) mass   
α (Ultimate OR Max) 0.27  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.834  
z (mm) peak 1.03  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
4.662 Based on slope of the tangent 






Table B232.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.32  
q1 (MPa) 1.492  
L2 (mm) 0.6  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.9  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0002 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 300 kg/m3 
σprecompress = 9 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B232.2 Load-transfer function (t-z) 
 















B233: Load Test SR233 
 
 
Pile No.: Pile Test, S11 
Database ID No.: SR233 
Original Reference: Baycan (1996) 
 
Table B233.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2661 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.62  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 5.525  
qu (MPa) mass   
α (Ultimate OR Max) 0.54  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.019  
z (mm) peak 9.36  
fs (MPa) ultimate 2.63  
z (mm) ultimate 21.37  
Initial shear stiffness, Ksi 
(MPa/mm) 
2.68 Based on slope of the tangent 






Table B233.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.49  
q1 (MPa) 1.186  
L2 (mm) 9.36  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0003 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 200 kg/m3 
σprecompress = 6 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B233.2 Load-transfer function (t-z) 
 



















B234: Load Test SR234 
 
 
Pile No.: Pile Test S12 
Database ID No.: SR234 
Original Reference: Baycan (1996) 
 
Table B234.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
631 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.5  
Depth (m), LGS 1.75  
Depth (m) LTOR 1.75  
Head (m) concrete 0.25  
qu (MPa) intact 4.255  
qu (MPa) mass   
α (Ultimate OR Max) 0.7  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.987  
z (mm) peak 10.96  
fs (MPa) ultimate 1.724  
z (mm) ultimate 28.78  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.574 Based on slope of the tangent 






Table B234.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.93  
q1 (MPa) 0.534  
L2 (mm) 10.96  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0014 May be used for calculation of 







Item Value  Comments 
Socket construction method  CSA = 100 kg/m3 
σprecompress = 2 MPa 
Casing  Tip depth from GS (m) =  
Drill bit type 3-flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 180  
f’c (MPa) 51  
Concrete modulus, Ec (GPa)   








Siltstone (primary lithology) blue/gray in color from Scoresby Formation 
Rock was found at the ground surface at the test site 
Horizontally bedded 
Occasional seams of sandstone 
Bedding deeps at approximately 2 to 6 degrees 
RQD = 69% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B234.2 Load-transfer function (t-z) 
 




















B235: Load Test SR235 
 
 
Pile No.: Test Pile 
Database ID No.: SR235 
Original Reference: Walter et al. (1997) 
 
Table B235.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Top segment  
Lithology Mudstone and siltstone  
mi 9.5 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
887 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 4  
Depth (m), LGS 10.84  
Depth (m) LTOR 5.1  
Head (m) concrete 13.84  
qu (MPa) intact 6.05  
qu (MPa) mass   
α (Ultimate OR Max) 0.25  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.53  
z (mm) peak 127.02  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.294 Based on slope of the tangent 






Table B235.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Bottom segment  
Lithology Siltstone and sandstone  
mi 9.5 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2305 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.6  
Depth (m), LGS 14.44  
Depth (m) LTOR 8.35  
Head (m) concrete 17.44  
qu (MPa) intact 10.25  
qu (MPa) mass   
α (Ultimate OR Max) 0.23  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 2.361  
z (mm) max 14.61  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.75 Based on slope of the tangent 






Table B235.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Top segment  
L1 (mm) 1.05  
q1 (MPa) 0.309  
L2 (mm) 83.27  
q2 (MPa) 1.482  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Bottom segments  
L1 (mm) 0.28  
q1 (MPa) 0.247  
L2 (mm) 12.4  




Item Value  Comments 
Strain gauge level Top segment  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0078 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Bottom segment  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0016 May be used for calculation of 












Item Value  Comments 
Socket construction method Excavated wet Hole filled with see water 
Reverse circulation method 
Casing Permanent Tip depth from GS (m) = top 
of rock 
Drill bit type  Side are roughened, 0.11 m 
(this value reported by the 
original author and is 
somewhat questionable) 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 48.6  
Concrete modulus, Ec (GPa)   








Siltstone, sandstone and mudstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   




















































B236Load Test: SR236 
 
 
Pile No.: Pile 1 
Database ID No.: SR236 
Original Reference: Leung (1996) 
 
Table B236.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level 11.5 m  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
403 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.4  
Shear length, l (m) 2  
Depth (m), LGS 11.5  
Depth (m) LTOR 1.5  
Head (m) concrete 11.5  
qu (MPa) intact 3.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.11  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.38  
z (mm) max 10.04  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.128 Based on slope of the tangent 






Table B236.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level 14.5  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
725 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.4  
Shear length, l (m) 3  
Depth (m), LGS 14.5  
Depth (m) LTOR 4.5  
Head (m) concrete 14.5  
qu (MPa) intact 6.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.094  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.614  
z (mm) max 8.96  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.175 Based on slope of the tangent 






Table B236.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 11.5 m  
L1 (mm) 1.69  
q1 (MPa) 0.217  
L2 (mm) 3.89  
q2 (MPa) 0.282  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 14.5 m  
L1 (mm) 1.46  
q1 (MPa) 0.281  
L2 (mm) 3.44  




Item Value  Comments 
Strain gauge level 11.5 m  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0064 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 14.5 m  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0041 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated dry Very small water inflow 
Clean by cleanout bucket 
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   











GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   









































B237: Load Test SR237 
 
 
Pile No.: Pile 2 
Database ID No.: SR237 
Original Reference: Leung (1996) 
 
Table B237.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level 29.5 m  
Lithology Granite  
mi 33 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
562 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 5  
Depth (m), LGS 29.5  
Depth (m) LTOR 1  
Head (m) concrete 29.5  
qu (MPa) intact 12.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.06  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.792  
z (mm) max 10.02  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.15 Based on slope of the tangent 






Table B237.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 29.5 m  
L1 (mm) 1.93  
q1 (MPa) 0.288  
L2 (mm) 7.64  




Item Value  Comments 
Strain gauge level 29.5 m  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0052 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry Very small water inflow 
Clean by cleanout bucket 
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   











GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B237.2 Load-transfer function (t-z) 
 














B238: Load Test SR238 
 
 
Pile No.: TP1 
Database ID No.: SR238 
Original Reference: Radhakrishnan and Leung (1989) 
 
Table B238.1 Load test results 
 
Item Value  Comments 
Load test type Siltstone Load applied at the butt 
Compression test 
Strain gauge level 4 m  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
963 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.81  
Shear length, l (m) 7  
Depth (m), LGS 9.9  
Depth (m) LTOR 9.9  
Head (m) concrete 9.9  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.073  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.438  
z (mm) max 2.92  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.271 Based on slope of the tangent 






Table B238.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level 6 m  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
639 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.81  
Shear length, l (m) 7  
Depth (m), LGS 11.9  
Depth (m) LTOR 11.9  
Head (m) concrete 11.9  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.049  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.296  
z (mm) max 2.35  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.172 Based on slope of the tangent 






Table B238.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level 8 m  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
433 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.81  
Shear length, l (m) 7  
Depth (m), LGS 13.9  
Depth (m) LTOR 13.9  
Head (m) concrete 13.9  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.033  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.202  
z (mm) max 2.08  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.125 Based on slope of the tangent 






Table B238.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 4 m  
L1 (mm) 0.84  
q1 (MPa) 0.23  
L2 (mm) 1.77  
q2 (MPa) 0.366  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 6 m  
L1 (mm) 0.985  
q1 (MPa) 0.179  
L2 (mm) 1.99  
q2 (MPa) 0.283  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 8 m  
L1 (mm) 0.86  
q1 (MPa) 0.106  
L2 (mm) 1.34  




Item Value  Comments 
Strain gauge level 4 m  
Goodness of fit for pre-peak 
zone, R2 
0.84  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0032 May be used for calculation of 





Table B238.1 Cont. Load test results 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 6 m  
Goodness of fit for pre-peak 
zone, R2 
0.56  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0052 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level 8 m  
Goodness of fit for pre-peak 
zone, R2 
0.1  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0085 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger Cleaned by bucket 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   









Closely spaced joints 
No major discontinuities 
RQD ranges from 10 to 30% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B238.2 Load-transfer function (t-z) 
 
At 4 m 
 















Table B238.3 Load-transfer function (t-z) 
 
At 6 m 
 
















Table B238.4 Load-transfer function (t-z) 
 
At 8 m 
 













B239: Load Test SR239 
 
 
Pile No.: Pile 67 
Database ID No.: SR239 
Original Reference: Radhakrishnan and Leung (1989) 
 
Table B1.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level 2 to 8 m  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1621 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.35  
Shear length, l (m) 6  
Depth (m), LGS 9.4  
Depth (m) LTOR 2  
Head (m) concrete 9.4  
qu (MPa) intact 7  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.17  
z (mm) peak 3.08  
fs (MPa) ultimate 0.147  
z (mm) ultimate 5.6  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.307 Based on slope of the tangent 






Table B239.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 2 to 8 m  
L1 (mm) 0.14  
q1 (MPa) 0.043  
L2 (mm) 3.08  




Item Value  Comments 
Strain gauge level 2 to 8 m  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0028 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger Cleaned by bucket 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B239.2 Load-transfer function (t-z) 
 

















B240: Load Test SR240 
 
 
Pile No.: Pile 317 
Database ID No.: SR240 
Original Reference: Radhakrishnan and Leung (1989) 
 
Table B240.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level 7.5 m  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
477 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.5  
Shear length, l (m) 4  
Depth (m), LGS 1.5  
Depth (m) LTOR 9  
Head (m) concrete 1.5  
qu (MPa) intact 9  
qu (MPa) mass   
α (Ultimate OR Max) 0.055  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.501  
z (mm) max 10.5  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.105 Based on slope of the tangent 






Table B240.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level 7.5 m  
L1 (mm) 0.36  
q1 (MPa) 0.038  
L2 (mm) 7.6  




Item Value  Comments 
Strain gauge level 7.5 m  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.01 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger Cleaned by bucket 
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B240.2 Load-transfer function (t-z) 
 

















B241: Load Test SR241 
 
 
Pile No.: Pile T3 
Database ID No.: SR241 
Original Reference: Moh et al. (1993) 
 
Table B241.1 Load test results 
 
Item Value  Comments 
Load test type Conventional tension test  
Strain gauge level Snady shale layer  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2855 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 4  
Depth (m), LGS 15  
Depth (m) LTOR 2.5  
Head (m) concrete 15  
qu (MPa) intact 8.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.02  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.142  
z (mm) peak 23.85  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.823 Based on slope of the tangent 






Table B241.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional tension test  
Strain gauge level Sandy shale and sandstone 
layer 
 
Lithology Sandy shale and sandstone  
mi 12 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
417 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 4  
Depth (m), LGS 15  
Depth (m) LTOR 2.5  
Head (m) concrete 15  
qu (MPa) intact 8.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.032  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.268  
z (mm) peak 22  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.129 Based on slope of the tangent 






Table B241.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Sandy shale layer  
L1 (mm) 0.069  
q1 (MPa) 0.0568  
L2 (mm) 4.7  
q2 (MPa) 0.124  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Sandy shale and sandstone 
layer 
 
L1 (mm) 0.43  
q1 (MPa) 0.0558  
L2 (mm) 15.1  




Item Value  Comments 
Strain gauge level Sandy shale layer  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0013 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Sandy shale and sandstone 
layer 
 
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0135 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated wet Water introduced before the 
placement of the cage 
Casing Temporary Tip depth from GS (m) =  
Drill bit type Chisel and core barrel  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








RQD was in general less than 50% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B241.2 Load-transfer function (t-z) 
 
Sandy shale layer 
 
















Table B241.3 Load-transfer function (t-z) 
 
 
Sandy shale and sandstone layer 
 















B242: Load Test SR242 
 
 
Pile No.: Pile T4 
Database ID No.: SR242 
Original Reference: Moh et al. (1993) 
 
Table B242.1 Load test results 
 
Item Value  Comments 
Load test type Conventional tension test  
Strain gauge level Sandy shale layer  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
210 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.5  
Shear length, l (m) 5  
Depth (m), LGS 17.5  
Depth (m) LTOR 2.5  
Head (m) concrete 17.5  
qu (MPa) intact 8.36  
qu (MPa) mass   
α (Ultimate OR Max) 0.017  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.146  
z (mm) peak 17.1  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0851 Based on slope of the tangent 






Table B242.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional tension test  
Strain gauge level Sandy shale and sandstone 
layer 
 
Lithology Sandy shale and sandstone  
mi 12 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
759 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.5  
Shear length, l (m) 5  
Depth (m), LGS 17.5  
Depth (m) LTOR 2.5  
Head (m) concrete 17.5  
qu (MPa) intact 8.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.033  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.28  
z (mm) peak 14.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.162 Based on slope of the tangent 






Table B242.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Sandy shale layer  
L1 (mm) 0.65  
q1 (MPa) 0.0298  
L2 (mm) 13.4  
q2 (MPa) 0.14  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Sandy shale and sandstone 
layer 
 
L1 (mm) 0.54  
q1 (MPa) 0.0876  
L2 (mm) 10  




Item Value  Comments 
Strain gauge level Sandy shale  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0207 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Sandy shale and sandstone 
layer 
 
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0057 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated wet Water introduced before the 
placement of the cage 
Casing Temporary Tip depth from GS (m) =  
Drill bit type Chisel and core barrel  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Sandy shale and sandstone 
RQD ranges from 40 to 95% 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B242.2 Load-transfer function (t-z) 
 
Sandy shale layer 
 

















Table B242.3 Load-transfer function (t-z) 
 
Sandy shale and sandstone layer 
 

















B243: Load Test SR243 
 
 
Pile No.: L34 
Database ID No.: SR243 
Original Reference: Tan et al. (1994) 
 
Table B243.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Siltstone and mudstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.8  
Shear length, l (m)   
Depth (m), LGS 24  
Depth (m) LTOR   
Head (m) concrete 24  
qu (MPa) intact 5.26  
qu (MPa) mass   
α (Ultimate OR Max) 0.1  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.532  
z (mm) max 4.5  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
N/A 
Load displacement not well 
defined. 
Based on slope of the tangent 






Table B243.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level N/A  
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level N/A  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Weathered siltstone and mudstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B243.2 Load-transfer function (t-z) 
 














B244: Load Test SR244 
 
 
Pile No.: Kentucky 
Database ID No.: SR244 
Original Reference: Osterberg (2001) 
 
Table B244.1 Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level Socket  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
5917 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.8  
Shear length, l (m) 5.79  
Depth (m), LGS 22.1  
Depth (m) LTOR 2.9  
Head (m) concrete 21.8  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.28  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.844  
z (mm) peak 5.63  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.084 Based on slope of the tangent 






Table B244.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.45  
q1 (MPa) 0.488  
L2 (mm) 3.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.00002 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Shale (with seams of limestone and coal) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B244.2 Load-transfer function (t-z) 
 




















B245: Load Test SR245 
 
 
Pile No.: California Test Pile 
Database ID No.: SR245 
Original Reference: Osterberg (2001) 
 
Table B245.1 Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level Socket  
Lithology Siltstone, sandstone and shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
812 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.68  
Shear length, l (m) 14  
Depth (m), LGS 48.5  
Depth (m) LTOR 7  
Head (m) concrete 7  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.54  
z (mm) max 13.97  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.119 Based on slope of the tangent 






Table B245.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.75  
q1 (MPa) 0.202  
L2 (mm) 11.43  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0072 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Permanent Tip depth from GS (m) = top 
of rock 
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Siltstone, sandstone and shale 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B245.2 Load-transfer function (t-z) 
 




















B246: Load Test SR246 
 
 
Pile No.: Site 1 
Database ID No.: SR246 
Original Reference: Gupton et al. (1982) 
 
Table B246.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
3058 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 10.66  
Depth (m), LGS 17.5  
Depth (m) LTOR 5.33  
Head (m) concrete 17.5  
qu (MPa) intact 3.83  
qu (MPa) mass   
α (Ultimate OR Max) 0.12  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.478  
z (mm) max 1.01  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.574 Based on slope of the tangent 






Table B246.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.33  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0019 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet  
Casing Permanent Tip depth from GS (m) = top 
of rock 
Drill bit type Rock auger  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm) 203.2 to 228.6  
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Limestone (Fort Thompson limestone) 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B246.2 Load-transfer function (t-z) 
 
















B247: Load Test SR247 
 
 
Pile No.: Site 2 
Database ID No.: SR247 
Original Reference: Gupton et al. (1982) 
 
Table B247.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Limestone  
mi 7 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2501 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.7 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.762  
Shear length, l (m) 6.1  
Depth (m), LGS 6.4  
Depth (m) LTOR 3  
Head (m) concrete 6.4  
qu (MPa) intact 6.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.17  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 1.152  
z (mm) max 1.44  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.816 Based on slope of the tangent 






Table B247.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing Permanent Tip depth from GS (m) = top 
of rock 
Drill bit type Rock auger  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm) 203.2 to 254  
f’c (MPa) 34.47  
Concrete modulus, Ec (GPa)   








Layered limestone and sandstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B247.2 Load-transfer function (t-z) 
 














B248: Load Test SR248 
 
 
Pile No.: A1 
Database ID No.: SR248 
Original Reference: Pells et al. (1979) 
 
Table B248.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
18 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.075  
Shear length, l (m) 0.96  
Depth (m), LGS 1  
Depth (m) LTOR 1  
Head (m) concrete 0.55  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.137  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.823  
z (mm) peak 30.65  
fs (MPa) ultimate 0.825  
z (mm) ultimate 39.7  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0411 Based on slope of the tangent 






Table B248.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 14.6  
q1 (MPa) 0.544  
L2 (mm) 30.65  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.85  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.201 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 41.5  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B248.2 Load-transfer function (t-z) 
 





















B249: Load Test SR249 
 
 
Pile No.: A2 
Database ID No.: SR249 
Original Reference: Pells et al. (1979) 
 
Table B249.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
182 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.21  
Shear length, l (m) 0.92  
Depth (m), LGS 1.11  
Depth (m) LTOR 1.11  
Head (m) concrete 0.4  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.168  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.01  
z (mm) peak 20.7  
fs (MPa) ultimate 1.02  
z (mm) ultimate 40  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.242 Based on slope of the tangent 






Table B249.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.65  
q1 (MPa) 0.4  
L2 (mm) 20.7  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.985  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0026 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock roller Roughness = R4 
Slurry   
Concrete placement method   
Concrete slump (mm) 200  
f’c (MPa) 40 Represents the average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B249.2 Load-transfer function (t-z) 
 
 





























B250: Load Test SR250 
 
 
Pile No.: A3 
Database ID No.: SR250 
Original Reference: Pells et al. (1979) 
 
Table B250.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
245 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.7 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.315  
Shear length, l (m) 0.4  
Depth (m), LGS 0.87  
Depth (m) LTOR 0.87  
Head (m) concrete 0.2  
qu (MPa) intact 8  
qu (MPa) mass   
α (Ultimate OR Max) 0.176  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.414  
z (mm) peak 14.5  
fs (MPa) ultimate 1.418  
z (mm) ultimate 39.9  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.417 Based on slope of the tangent 






Table B250.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.23  
q1 (MPa) 0.48  
L2 (mm) 14.5  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0019 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Double flight auger Roughness = R4 
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 43 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B250.2 Load-transfer function (t-z) 
 























B251: Load Test SR251 
 
 
Pile No.: A4 
Database ID No.: SR251 
Original Reference: Pells et al. (1979) 
 
Table B251.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
254 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.21  
Shear length, l (m) 1.37  
Depth (m), LGS 1.27  
Depth (m) LTOR 1.27  
Head (m) concrete 0.685  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.15  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.895  
z (mm) peak 7.48  
fs (MPa) ultimate 0.826  
z (mm) ultimate 35.38  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.233 Based on slope of the tangent 






Table B251.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.69  
q1 (MPa) 0.416  
L2 (mm) 7.48  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0028 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock roller Roughness = R3 
Slurry   
Concrete placement method   
Concrete slump (mm) 200  
f’c (MPa) 40 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B251.2 Load-transfer function (t-z) 
 























B252: Load Test SR252 
 
 
Pile No.: A5 
Database ID No.: SR252 
Original Reference: Pells et al. (1979) 
 
Table B252.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
350 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.21  
Shear length, l (m) 0.518  
Depth (m), LGS 1.07  
Depth (m) LTOR 1.07  
Head (m) concrete 0.259  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.13  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.805  
z (mm) peak 2.51  
fs (MPa) ultimate 0.645  
z (mm) ultimate 35.48  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.597 Based on slope of the tangent 






Table B252.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.82  
q1 (MPa) 0.49  
L2 (mm) 2.51  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.001 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock roller  
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 43  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B252.2 Load-transfer function (t-z) 
 


















B253: Load Test SR253 
 
 
Pile No.: B1 
Database ID No.: SR253 
Original Reference: Pells et al. (1979) 
 
Table B253.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
233 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.5 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.16  
Shear length, l (m) 0.46  
Depth (m), LGS 0.94  
Depth (m) LTOR 0.94  
Head (m) concrete 0.23  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.153  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.919  
z (mm) peak 4.1  
fs (MPa) ultimate 0.41  
z (mm) ultimate 19.9  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.504 Based on slope of the tangent 






Table B253.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.73  
q1 (MPa) 0.368  
L2 (mm) 4.1  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0016 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Diatube  
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 44.75 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B253.2 Load-transfer function (t-z) 
 






















B254: Load Test SR254 
 
 
Pile No.: B2 
Database ID No.: SR254 
Original Reference: Pells et al. (1979) 
 
Table B254.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
825 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.16  
Shear length, l (m) 0.45  
Depth (m), LGS 1.03  
Depth (m) LTOR 1.03  
Head (m) concrete 0.225  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.189  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.135  
z (mm) peak 2.18  
fs (MPa) ultimate 0.791  
z (mm) ultimate 34.8  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.824 Based on slope of the tangent 






Table B254.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.25  
q1 (MPa) 0.456  
L2 (mm) 2.18  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0005 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Diatube  
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 44.75  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B254.2 Load-transfer function (t-z) 
 






















B255: Load Test SR255 
 
 
Pile No.: B3 
Database ID No.: SR255 
Original Reference: Pells et al. (1979) 
 
Table B255.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
644 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.315  
Shear length, l (m) 0.52  
Depth (m), LGS 1.01  
Depth (m) LTOR 1.01  
Head (m) concrete 0.26  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.13  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.78  
z (mm) peak 5.5  
fs (MPa) ultimate 0.774  
z (mm) ultimate 21.4  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.789 Based on slope of the tangent 






Table B255.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.38  
q1 (MPa) 0.3  
L2 (mm) 5.5  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.97  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0011 May be used for calculation of 







Item Value  Comments 
Socket construction method  Hole cleaned prior to casting 
Casing  Tip depth from GS (m) =  
Drill bit type Auger Roughness class = R2 
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 43 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B255.2 Load-transfer function (t-z) 
 


















B256: Load Test SR256 
 
 
Pile No.: B4 
Database ID No.: SR256 
Original Reference: Pells et al. (1979) 
 
Table B256.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
213 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.255  
Shear length, l (m) 0.33  
Depth (m), LGS 0.82  
Depth (m) LTOR 0.82  
Head (m) concrete 0.165  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.275  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.65  
z (mm) peak 2.28  
fs (MPa) ultimate 1.124  
z (mm) ultimate 39.8  
Initial shear stiffness, Ksi 
(MPa/mm) 
1.31 Based on slope of the tangent 






Table B256.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.9  
q1 (MPa) 1.291  
L2 (mm) 2.28  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.72  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0006 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Diatube  
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 44.75 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B256.2 Load-transfer function (t-z) 
 






















B257: Load Test SR257 
 
 
Pile No.: B5 
Database ID No.: SR257 
Original Reference: Pells et al. (1979) 
 
Table B257.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
213 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.7 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.16  
Shear length, l (m) 0.62  
Depth (m), LGS 1.14  
Depth (m) LTOR 1.14  
Head (m) concrete 0.31  
qu (MPa) intact 7  
qu (MPa) mass   
α (Ultimate OR Max) 0.16  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.122  
z (mm) peak 12.35  
fs (MPa) ultimate 0.602  
z (mm) ultimate 40  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.422 Based on slope of the tangent 






Table B257.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.49  
q1 (MPa) 0.207  
L2 (mm) 12.35  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.89  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0029 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Diatube Roughness class = R1 
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 44.75 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B257.2 Load-transfer function (t-z) 
 























B258: Load Test SR258 
 
 
Pile No.: C1 
Database ID No.: SR258 
Original Reference: Pells et al. (1979) 
 
Table B258.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio  Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m)   
Shear length, l (m)   
Depth (m), LGS 2.03  
Depth (m) LTOR   
Head (m) concrete   
qu (MPa) intact 36  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B258.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   
















B259: Load Test SR259 
 
 
Pile No.: C2 
Database ID No.: SR259 
Original Reference: Pells et al. (1979) 
 
Table B259.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2477 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.21  
Shear length, l (m) 0.34  
Depth (m), LGS 2.11  
Depth (m) LTOR 2.11  
Head (m) concrete 0.17  
qu (MPa) intact 20  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.772  
z (mm) peak 5.5  
fs (MPa) ultimate 4.323  
z (mm) ultimate 13.2  
Initial shear stiffness, Ksi 
(MPa/mm) 
4.638 Based on slope of the tangent 






Table B259.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.18  
q1 (MPa) 0.835  
L2 (mm) 5.5  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.087  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0004 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock roller Roughness class = R2 
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 43 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B259.2 Load-transfer function (t-z) 
 

















B260: Load Test SR260 
 
 
Pile No.: C3 
Database ID No.: SR260 
Original Reference: Pells et al. (1979) 
 
Table B260.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
50 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.31  
Shear length, l (m) 0.45  
Depth (m), LGS 0.94  
Depth (m) LTOR 0.94  
Head (m) concrete 0.225  
qu (MPa) intact 6  
qu (MPa) mass   
α (Ultimate OR Max) 0.077  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.465  
z (mm) peak 12.55  
fs (MPa) ultimate 0.467  
z (mm) ultimate 34.4  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0704 Based on slope of the tangent 






Table B260.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 4.16  
q1 (MPa) 0.296  
L2 (mm) 12.55  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0111 May be used for calculation of 







Item Value  Comments 
Socket construction method  Smeared material on the sides 
of the hole were not cleaned 
prior to concreting 
 
Smear thickness is between = 
5 to 10 mm 
Casing  Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 43 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B260.2 Load-transfer function (t-z) 
 






















B261: Load Test SR261 
 
 
Pile No.: C4 
Database ID No.: SR261 
Original Reference: Pells et al. (1979) 
 
Table B261.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
135 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.21  
Shear length, l (m) 0.6  
Depth (m), LGS 1.05  
Depth (m) LTOR 1.05  
Head (m) concrete 0.3  
qu (MPa) intact 7  
qu (MPa) mass   
α (Ultimate OR Max) 0.17  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.192  
z (mm) peak 5.32  
fs (MPa) ultimate 1.049  
z (mm) ultimate 34  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.227 Based on slope of the tangent 






Table B261.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 5.32  
q1 (MPa) 1.192  
L2 (mm) 5.32  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.3  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0048 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock roller Roughness class = R4 
Slurry   
Concrete placement method   
Concrete slump (mm) 200  
f’c (MPa) 43  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B261.2 Load-transfer function (t-z) 
 























B262: Load Test SR262 
 
 
Pile No.: C5 
Database ID No.: SR262 
Original Reference: Pells et al. (1979) 
 
Table B262.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
109 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.21  
Shear length, l (m) 0.7  
Depth (m), LGS 0.93  
Depth (m) LTOR 0.93  
Head (m) concrete 0.35  
qu (MPa) intact 7  
qu (MPa) mass   
α (Ultimate OR Max) 0.14  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak 1.003  
fs (MPa) ultimate 45.07  
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.177 Based on slope of the tangent 






Table B262.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.38  
q1 (MPa) 0.245  
L2 (mm) 15.1  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0046 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Rock roller Roughness class = R3 
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 43 Average value 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B262.2 Load-transfer function (t-z) 
 






















B263: Load Test SR263 
 
 
Pile No.: D1 
Database ID No.: SR263 
Original Reference: Pells et al. (1979) 
 
Table B263.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
91 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.29  
Shear length, l (m) 1.3  
Depth (m), LGS 1.25  
Depth (m) LTOR 1.25  
Head (m) concrete 0.65  
qu (MPa) intact 7  
qu (MPa) mass   
α (Ultimate OR Max) 0.04  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.309  
z (mm) max 10.66  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.08625 Based on slope of the tangent 






Table B263.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.8  
q1 (MPa) 0.069  
L2 (mm) 8.26  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0094 May be used for calculation of 







Item Value  Comments 
Socket construction method  No smeared material on the 
sides of the hole 
Casing  Tip depth from GS (m) =  
Drill bit type Five flight auger Roughness class = R1 
Slurry   
Concrete placement method Under bentonite slurry  
Concrete slump (mm) 150 Values are based on nearby 
piles 
f’c (MPa) 40 Values are based on nearby 
piles 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B263.2 Load-transfer function (t-z) 
 




















B264: Load Test SR264 
 
 
Pile No.: D2 
Database ID No.: SR264 
Original Reference: Pells et al. (1979) 
 
Table B264.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
378 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 0.9  
Depth (m), LGS 1.07  
Depth (m) LTOR 1.07  
Head (m) concrete 0.45  
qu (MPa) intact 7.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.09  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.64  
z (mm) max 10.5  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.267 Based on slope of the tangent 






Table B264.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.56  
q1 (MPa) 0.15  
L2 (mm) 7.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0034 May be used for calculation of 







Item Value  Comments 
Socket construction method  Smeared material on the sides 
of the shaft cleaned cleaned by 
hand. Side wall was not 
washed. 
Casing  Tip depth from GS (m) =  
Drill bit type Single flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 150 Based on values from adjacent 
shafts 
f’c (MPa) 40 Based on values from adjacent 
shafts 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B264.2 Load-transfer function (t-z) 
 

















B265: Load Test SR265 
 
 
Pile No.: D3 
Database ID No.: SR265 
Original Reference: Pells et al. (1979) 
 
Table B265.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
94 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.29  
Shear length, l (m) 0.53  
Depth (m), LGS 1.08  
Depth (m) LTOR 1.08  
Head (m) concrete 0.265  
qu (MPa) intact 8  
qu (MPa) mass   
α (Ultimate OR Max) 0.081  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.655  
z (mm) max 24.5  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.135 Based on slope of the tangent 






Table B265.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.49  
q1 (MPa) 0.0662  
L2 (mm) 18.9  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0067 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type  Roughness class = R1 to R2 
Slurry   
Concrete placement method   
Concrete slump (mm) 150 Based on information from 
nearby piles 
f’c (MPa) 40 Based on information from 
nearby piles 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B265.2 Load-transfer function (t-z) 
 



















B266: Load Test SR266 
 
 
Pile No.: E1 
Database ID No.: SR266 
Original Reference: Pells et al. (1979) 
 
Table B266.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
87 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.11 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.29  
Shear length, l (m) 0.5  
Depth (m), LGS 1.25  
Depth (m) LTOR 1.25  
Head (m) concrete 0.25  
qu (MPa) intact 8  
qu (MPa) mass   
α (Ultimate OR Max) 0.041  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.335  
z (mm) peak 22.3  
fs (MPa) ultimate 0.327  
z (mm) ultimate 36.1  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.111 Based on slope of the tangent 






Table B266.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1  
q1 (MPa) 0.111  
L2 (mm) 22.3  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0061 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type  Roughness class = R1 to R2 
Slurry Mineral type  
Concrete placement method Cast under bentonite by 
Tremie method 
 
Concrete slump (mm) 150  
f’c (MPa) 40  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B266.2 Load-transfer function (t-z) 
 
 
















B267: Load Test SR267 
 
 
Pile No.: E2 
Database ID No.: SR267 
Original Reference: Pells et al. (1979) 
 
Table B267.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
242 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.21 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.71  
Shear length, l (m) 0.37  
Depth (m), LGS 1.3  
Depth (m) LTOR 1.3  
Head (m) concrete 0.185  
qu (MPa) intact 7.9  
qu (MPa) mass   
α (Ultimate OR Max) 0.082  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.654  
z (mm) max 10.9  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.233 Based on slope of the tangent 






Table B267.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.47  
q1 (MPa) 0.109  
L2 (mm) 9.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.004 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated wet Smeared material cleaned by 
hand but the wall was not 
washed 
Casing  Tip depth from GS (m) =  
Drill bit type Single flight auger  
Slurry   
Concrete placement method   
Concrete slump (mm) 150  
f’c (MPa) 40  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B267.2 Load-transfer function (t-z) 
 




















B268: Load Test SR268 
 
 
Pile No.: E3 
Database ID No.: SR268 
Original Reference: Pells et al. (1979) 
 
Table B268.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
110 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.29  
Shear length, l (m) 1.27  
Depth (m), LGS 1.18  
Depth (m) LTOR 1.18  
Head (m) concrete 0.635  
qu (MPa) intact 7.9  
qu (MPa) mass   
α (Ultimate OR Max) 0.083  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.663  
z (mm) peak 12.7  
fs (MPa) ultimate 0.664  
z (mm) ultimate 16.6  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.175 Based on slope of the tangent 






Table B268.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.3  
q1 (MPa) 0.266  
L2 (mm) 12.7  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.96  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.006 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm) 150 Assumed based on the nearby 
piles 
f’c (MPa) 40 Assumed based on the nearby 
piles 
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B268.2 Load-transfer function (t-z) 
 























B269: Load Test SR269 
 
 
Pile No.: 1A 
Database ID No.: SR269 
Original Reference: Webb and Davies (1980) 
 
Table B269.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom of 
the shaft, compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
373 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.471  
Shear length, l (m) 1.08  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.2  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.507  
z (mm) max 5.33  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.324 Based on slope of the tangent 






Table B269.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.58  
q1 (MPa) 0.188  
L2 (mm) 3.5  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0022 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B269.2 Load-transfer function (t-z) 
 

















B270: Load Test SR270 
 
 
Pile No.: 1B 
Database ID No.: SR270 
Original Reference: Webb and Davies (1980) 
 
Table B270.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom of 
the shaft, compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
296 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m) 1.75  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.29  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.73  
z (mm) peak 19.6  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.207 Based on slope of the tangent 






Table B270.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.8  
q1 (MPa) 0.166  
L2 (mm) 14.9  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0042 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B270.2 Load-transfer function (t-z) 
 


















B271: Load Test SR271 
 
 
Pile No.: 1C 
Database ID No.: SR271 
Original Reference: Webb and Davies (1980) 
 
Table B271.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom of 
the shaft, compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
520 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m) 2.77  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.273  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.684  
z (mm) max 14.3  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.273 Based on slope of the tangent 






Table B271.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.53  
q1 (MPa) 0.144  
L2 (mm) 8  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0036 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B271.2 Load-transfer function (t-z) 
 






















B272: Load Test SR272 
 
 
Pile No.: 2A 
Database ID No.: SR272 
Original Reference: Webb and Davies (1980) 
 
Table B272.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom of 
the shaft, compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio  Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m)   
Depth (m), LGS 8  
Depth (m) LTOR   
Head (m) concrete   
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B272.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B272.2 Load-transfer function (t-z) 
 






B273: Load Test SR273 
 
 
Pile No.: 2B 
Database ID No.: SR273 
Original Reference: Webb and Davies (1980) 
 
Table B273-1 Load test results 
 
Item Value  Comments 
Load test type Similar to O.cell Load applied at the bottom of 
the shaft, compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
48 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m) 0.9  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.23  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.582  
z (mm) peak 82  
fs (MPa) ultimate 0.62  
z (mm) ultimate 151  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0433 Based on slope of the tangent 






Table B273.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.72  
q1 (MPa) 0.117  
L2 (mm) 82  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0453 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B273.2 Load-transfer function (t-z) 
 



















B274: Load Test SR274 
 
 
Pile No.: 2C 
Database ID No.: SR274 
Original Reference: Webb and Davies (1980) 
 
Table B274.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the butt of the 
shaft, compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
162 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.536  
Shear length, l (m) 1.3  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.187  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.469  
z (mm) max 21.7  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.117 Based on slope of the tangent 






Table B274.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.89  
q1 (MPa) 0.104  
L2 (mm) 13.7  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0086 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







Table B274.2 Load-transfer function (t-z) 
 
















B275: Load Test SR275 
 
 
Pile No.: 2D 
Database ID No.: SR275 
Original Reference: Webb and Davies (1980) 
 
Table B275.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom, 
Compression 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
169 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.8 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m) 0.5  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.2  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.507  
z (mm) peak 27.3  
fs (MPa) ultimate 0.534  
z (mm) ultimate 54.46  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.18 Based on slope of the tangent 






Table B275.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.12  
q1 (MPa) 0.202  
L2 (mm) 27.3  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0055 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B275.2 Load-transfer function (t-z) 
 

















B276: Load Test SR276 
 
 
Pile No.: 2E 
Database ID No.: SR276 
Original Reference: Webb and Davies (1980) 
 
Table B276.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom 
Compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
168 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.52  
Shear length, l (m) 0.86  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.058  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.146  
z (mm) peak 9.14  
fs (MPa) ultimate 0.147  
z (mm) ultimate 36  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.123 Based on slope of the tangent 






Table B276.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.57  
q1 (MPa) 0.0712  
L2 (mm) 9.14  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0029 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   





Table B276.2 Load-transfer function (t-z) 
 













B277: Load Test SR277 
 
 
Pile No.: 2F 
Database ID No.: SR277 
Original Reference: Webb and Davies (1980) 
 
Table B277.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied the bottom 
Compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
415 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.463  
Shear length, l (m) 1.67  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 2.5  
qu (MPa) mass   
α (Ultimate OR Max) 0.36  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.909  
z (mm) peak 19  
fs (MPa) ultimate 0.824  
z (mm) ultimate 38  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.282 Based on slope of the tangent 






Table B277.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.75  
q1 (MPa) 0.212  
L2 (mm) 15  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.004 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B277.2 Load-transfer function (t-z) 
 


















B278: Load Test SR278 
 
 
Pile No.: 3A 
Database ID No.: SR278 
Original Reference: Webb and Davies (1980) 
 
Table B278.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom 
Compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
753 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m) 0.6  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 18  
qu (MPa) mass   
α (Ultimate OR Max) 0.036  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.661  
z (mm) peak 13  
fs (MPa) ultimate 0.418  
z (mm) ultimate 41.3  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.666 Based on slope of the tangent 






Table B278.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.21  
q1 (MPa) 0.14  
L2 (mm) 13  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0012 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B278.2 Load-transfer function (t-z) 
 
















B279: Load Test SR279 
 
 
Pile No.: 3B 
Database ID No.: SR279 
Original Reference: Webb and Davies (1980) 
 
Table B279.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom 
Compression test 
Strain gauge level Socket  
Lithology   
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
967 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.6 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m) 0.8  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 18  
qu (MPa) mass   
α (Ultimate OR Max) 0.17  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 3.147  
z (mm) max 7.2  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.964 Based on slope of the tangent 






Table B279.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.42  
q1 (MPa) 0.404  
L2 (mm) 5.4  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.76  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0012 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B279.2 Load-transfer function (t-z) 
 



















B280: Load Test SR280 
 
 
Pile No.: 3C 
Database ID No.: SR280 
Original Reference: Webb and Davies (1980) 
 
Table B280.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom 
Compression test 
Strain gauge level Socket  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1473 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.45  
Shear length, l (m) 1.6  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 18  
qu (MPa) mass   
α (Ultimate OR Max) 0.126  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 2.273  
z (mm) max 6.6  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
1.048 Based on slope of the tangent 






Table B280.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.53  
q1 (MPa) 0.555  
L2 (mm) 5.55  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.94  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0009 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type Core barrel  
Slurry   
Concrete placement method Placed by Tremie method  
Concrete slump (mm) 100 to 175  
f’c (MPa) 53  
Concrete modulus, Ec (GPa) 35  










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B280.2 Load-transfer function (t-z) 
 



















B281: Load Test SR281 
 
 
Pile No.: M1 
Database ID No.: SR281 
Original Reference: Chang and Wong (1987) 
 
Table B281.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1960 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 2.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.9  
Shear length, l (m) 13  
Depth (m), LGS 17.5  
Depth (m) LTOR 6.5  
Head (m) concrete 17.5  
qu (MPa) intact 0.858  
qu (MPa) mass   
α (Ultimate OR Max) 0.27  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.239  
z (mm) max 0.78  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.303 Based on slope of the tangent 






Table B281.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.015  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B281.2 Load-transfer function (t-z) 
 















B282: Load Test SR282 
 
 
Pile No.: J1 
Database ID No.: SR282 
Original Reference: Chang and Wong (1987) 
 
Table B282.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Sandstone layer  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
190 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 3.9  
Depth (m), LGS 8.55  
Depth (m) LTOR 1.95  
Head (m) concrete 8.55  
qu (MPa) intact 1.012  
qu (MPa) mass   
α (Ultimate OR Max) 0.11  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.116  
z (mm) max 4.05  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0608 Based on slope of the tangent 






Table B282.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Siltstone layer  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
421 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 3.5  
Depth (m), LGS 12.25  
Depth (m) LTOR 5.65  
Head (m) concrete 12.25  
qu (MPa) intact 1.584  
qu (MPa) mass   
α (Ultimate OR Max) 0.15  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.243  
z (mm) max 2.88  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.137 Based on slope of the tangent 






Table B282.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Sandstone layer  
L1 (mm) 0.87  
q1 (MPa) 0.0529  
L2 (mm) 0.87  
q2 (MPa) 0.0529  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Siltstone layer  
L1 (mm) 0.73  
q1 (MPa) 0.1  
L2 (mm) 0.73  




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 












Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Sandstone and siltstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   









































B283: Load Test SR283 
 
 
Pile No.: J2 
Database ID No.: SR283 
Original Reference: Chang and Wong (1987) 
 
Table B283.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Upper segment  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1605 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 5.5  
Depth (m), LGS 17.5  
Depth (m) LTOR 2.75  
Head (m) concrete 17.5  
qu (MPa) intact 1.32  
qu (MPa) mass   
α (Ultimate OR Max) 0.17  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.218  
z (mm) max 0.86  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.425 Based on slope of the tangent 






Table B283.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Lower segment  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 10 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 8  
Depth (m), LGS 24  
Depth (m) LTOR 9.5  
Head (m) concrete 24  
qu (MPa) intact 0.88  
qu (MPa) mass   
α (Ultimate OR Max) 0.11  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.097  
z (mm) max 0.36  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.266 Based on slope of the tangent 






Table B283.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Upper  
L1 (mm) 0.27  
q1 (MPa) 0.114  
L2 (mm) 0.49  
q2 (MPa) 0.159  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Lower  
L1 (mm) N/A  
q1 (MPa) N/A  
L2 (mm) N/A  




Item Value  Comments 
Strain gauge level Upper  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0017 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Lower  
Goodness of fit for pre-peak 
zone, R2 
N/A  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
N/A May be used for calculation of 











Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   







































B284: Load Test SR284 
 
 
Pile No.: 403TP1 
Database ID No.: SR284 
Original Reference: Buttling and Lam (1988) 
 
Table B284.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
548 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.3 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 3  
Depth (m), LGS 12  
Depth (m) LTOR   
Head (m) concrete 12  
qu (MPa) intact 3.35  
qu (MPa) mass   
α (Ultimate OR Max) 0.09  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.316  
z (mm) max 5.15  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0796 Based on slope of the tangent 






Table B284.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.43  
q1 (MPa) 0.202  
L2 (mm) 4.2  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.36  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0111 May be used for calculation of 







Item Value  Comments 
Socket construction method Excavated dry  
Casing Temporary Tip depth from GS (m) =  
Drill bit type Auger  
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm) 150 to 220  
f’c (MPa)   
Concrete modulus, Ec (GPa)   








Sandstone, siltstone and mudstone 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B284.2 Load-transfer function (t-z) 
 




















B285: Load Test SR285 
 
 
Pile No.: TP4 
Database ID No.: SR285 
Original Reference: Buttling (1986) 
 
Table B285.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2555 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 11  
Depth (m), LGS 15.75  
Depth (m) LTOR 3.75  
Head (m) concrete 15.75  
qu (MPa) intact 1.4  
qu (MPa) mass   
α (Ultimate OR Max) 0.09  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.125  
z (mm) max 2.37  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.497 Based on slope of the tangent 






Table B285.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.106  
q1 (MPa) 0.0497  
L2 (mm) 0.83  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0018 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B285.2 Load-transfer function (t-z) 
 














B286: Load Test SR286 
 
 
Pile No.: TP5 
Database ID No.: SR286 
Original Reference: Buttling (1986) 
 
Table B286.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2303 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 14  
Depth (m), LGS 11.5  
Depth (m) LTOR 6.5  
Head (m) concrete 11.5  
qu (MPa) intact 1.332  
qu (MPa) mass   
α (Ultimate OR Max) 0.099  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.132  
z (mm) max 3.47  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.327 Based on slope of the tangent 






Table B286.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.11  
q1 (MPa) 0.036  
L2 (mm) 2.096  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.95  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0048 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B286.2 Load-transfer function (t-z) 
 














B287: Load Test SR287 
 
 
Pile No.: TP6 
Database ID No.: SR287 
Original Reference: Buttling (1986) 
 
Table B287.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
151 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1  
Shear length, l (m) 4.5  
Depth (m), LGS 20.75  
Depth (m) LTOR 2.75  
Head (m) concrete 20.75  
qu (MPa) intact 0.528  
qu (MPa) mass   
α (Ultimate OR Max) 0.24  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.126  
z (mm) max 4.22  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0433 Based on slope of the tangent 






Table B287.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 2.57  
q1 (MPa) 0.115  
L2 (mm) 2.57  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.41  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0215 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B287.2 Load-transfer function (t-z) 
 














B288: Load Test SR288 
 
 
Pile No.: A1 
Database ID No.: SR288 
Original Reference:  Chang and Goh (1988) 
 
Table B288.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
36 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 1.4  
Depth (m), LGS 5.3  
Depth (m) LTOR   
Head (m) concrete 5.3  
qu (MPa) intact 4.8  
qu (MPa) mass   
α (Ultimate OR Max) 0.024  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.119  
z (mm) max 19.13  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.0231 Based on slope of the tangent 






Table B288.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 1.8  
q1 (MPa) 0.0417  
L2 (mm) 1.8  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.9  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.02 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B288.2 Load-transfer function (t-z) 
 

















B289: Load Test SR289 
 
 
Pile No.: B1 
Database ID No.: SR289 
Original Reference: Chang and Goh (1988) 
 
Table B289.1 Load test results 
 
Item Value  Comments 
Load test type Conventional Load applied at the butt 
Compression test 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
537 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 2.8  
Depth (m), LGS 5.6  
Depth (m) LTOR   
Head (m) concrete 5.6  
qu (MPa) intact 3  
qu (MPa) mass   
α (Ultimate OR Max) 0.038  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.115  
z (mm) max 12.26  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.256 Based on slope of the tangent 






Table B289.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.11  
q1 (MPa) 0.0282  
L2 (mm) 2.95  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.98  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0047 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B289.2 Load-transfer function (t-z) 
 
















B290: Load Test: SR290 
 
 
Pile No.: A3 
Database ID No.: SR290 
Original Reference: Chang and Goh (1988) 
 
Table B290.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom 
Compression test 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
59 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.1 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.6  
Shear length, l (m) 0.4  
Depth (m), LGS 5.6  
Depth (m) LTOR   
Head (m) concrete 5.6  
qu (MPa) intact 4.8  
qu (MPa) mass   
α (Ultimate OR Max) 0.02  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.096  
z (mm) max 9.6  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.06 Based on slope of the tangent 






Table B290.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.59  
q1 (MPa) 0.0353  
L2 (mm) 4.04  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0108 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B290.2 Load-transfer function (t-z) 
 

















B291: Load Test SR291 
 
 
Pile No.: B3 
Database ID No.: SR291 
Original Reference: Chang and Goh (1988) 
 
Table B291.1 Load test results 
 
Item Value  Comments 
Load test type Similar to O-cell Load applied at the bottom 
Compression 
Strain gauge level Socket  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
101 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.4 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.61  
Shear length, l (m) 2  
Depth (m), LGS 6  
Depth (m) LTOR   
Head (m) concrete 6  
qu (MPa) intact 0.624  
qu (MPa) mass   
α (Ultimate OR Max) 0.125  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.078  
z (mm) peak 4  
fs (MPa) ultimate 0.079  
z (mm) ultimate 6.2  
Initial shear stiffness, Ksi 
(MPa/mm) 
0.06076 Based on slope of the tangent 






Table B291.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Socket  
L1 (mm) 0.26  
q1 (MPa) 0.0158  
L2 (mm) 4  




Item Value  Comments 
Strain gauge level Socket  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0135 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B291.2 Load-transfer function (t-z) 
 












Figure B291.1 Load-transfer function (t-z) 
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B292: Load Test SR292 
 
 
Pile No.: Test Shaft S-2 
Database ID No.: SR292 
Original Reference: Gordon et al. (2004) 
 
Table B292.1 Load test results 
 
Item Value  Comments 
Load test type O-cell test  
Strain gauge level Upper segments  
Lithology Siltstone  
mi 9 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
2704 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.15 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 2.41  
Depth (m), LGS 9.97  
Depth (m) LTOR 1.2  
Head (m) concrete 9.97  
qu (MPa) intact 20  
qu (MPa) mass   
α (Ultimate OR Max) 0.048  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.973  
z (mm) peak 19.4  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
3.996 Based on slope of the tangent 






Table B292.1 Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level Lower segment  
Lithology Sandstone  
mi 19 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
1029 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC 0.2 Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.829  
Shear length, l (m) 2.13  
Depth (m), LGS 12.24  
Depth (m) LTOR 3.5  
Head (m) concrete 12.24  
qu (MPa) intact 11  
qu (MPa) mass   
α (Ultimate OR Max) 0.068  
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max 0.756  
z (mm) max 17.97  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
0.309 Based on slope of the tangent 






Table B292.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Upper segment  
L1 (mm) 0.28  
q1 (MPa) 0.2  
L2 (mm) 9.1  
q2 (MPa) 0.897  
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level Lower segment  
L1 (mm) 0.52  
q1 (MPa) 0.16  
L2 (mm) 7.6  




Item Value  Comments 
Strain gauge level Upper segment  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0015 May be used for calculation of 
initial shear stiffness 
 
Hyperbolic Data 
Item Value  Comments 
Strain gauge level Lower segment  
Goodness of fit for pre-peak 
zone, R2 
0.99  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
0.0038 May be used for calculation of 











Item Value  Comments 
Socket construction method Excavated wet Compressible material added 
to the base to prevent 
development of end resistance 
Casing Permanent Tip depth from GS (m) = 8 
Drill bit type   
Slurry   
Concrete placement method Tremie method  
Concrete slump (mm) 203  
f’c (MPa) 28  
Concrete modulus, Ec (GPa)   









Sandstone, siltstone and shale beds 
Sandstone is the dominant lithology 
Shale is slickensided 
 
GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   































































B293: Load Test SR293 
 
 
Pile No.: F1 
Database ID No.: SR293 
Original Reference: Vu (2013) 
 
Table B293.1 Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.94  
Depth (m), LGS 4.6  
Depth (m) LTOR 4.6  
Head (m) concrete 4.6  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.98  
z (mm) peak 5.87  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B293.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.73  
Depth (m), LGS 3.75  
Depth (m) LTOR 3.75  
Head (m) concrete 3.75  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.27  
z (mm) peak 5.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B293.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.76  
Depth (m), LGS 3  
Depth (m) LTOR 3  
Head (m) concrete 3  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.4  
z (mm) peak 5.76  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B293.1 Cont. Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.76  
Depth (m), LGS 2.24  
Depth (m) LTOR 2.24  
Head (m) concrete 2.24  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.081  
z (mm) peak 5.75  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B293.1 Cont. Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.73  
Depth (m), LGS 1.49  
Depth (m) LTOR 1.49  
Head (m) concrete 1.49  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.033  
z (mm) peak 0.028  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B293.1 Cont. Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.76  
Depth (m), LGS 0.74  
Depth (m) LTOR 0.74  
Head (m) concrete 0.74  
qu (MPa) intact 0.15  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.028  
z (mm) peak 5.74  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B293.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa) 29.45  
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B293.2 Load-transfer function (t-z) 
 






B294: Load Test SR294 
 
 
Pile No.: F2 
Database ID No.: SR294 
Original Reference: Vu (2013) 
 
Table B294.1 Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level Ocell-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.64  
Depth (m), LGS 5.15  
Depth (m) LTOR 5.15  
Head (m) concrete 5.15  
qu (MPa) intact 3.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.62  
z (mm) peak 3.58  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B294.1 Cont. Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 3.87  
Depth (m) LTOR 3.87  
Head (m) concrete 3.87  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak 0.181  
fs (MPa) ultimate 3.48  
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B294.1 Cont. Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 2.95  
Depth (m) LTOR 2.95  
Head (m) concrete 2.95  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.26  
z (mm) peak 3.44  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B294.1 Cont. Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 2.04  
Depth (m) LTOR 2.04  
Head (m) concrete 2.04  
qu (MPa) intact 0.359  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.033  
z (mm) peak 3.43  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B294.1 Cont. Load test results 
 
Item Value  Comments 
Load test type O-cell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 1.12  
Depth (m) LTOR 1.12  
Head (m) concrete 1.12  
qu (MPa) intact 0.15  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.019  
z (mm) peak 3.4  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B294.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B294.2 Load-transfer function (t-z) 
 






B295: Load Test SR295 
 
 
Pile No.: F3 
Database ID No.: SR295 
Original Reference: Vu (2013) 
 
Table B295.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.58  
Depth (m), LGS 5.86  
Depth (m) LTOR 5.86  
Head (m) concrete 5.86  
qu (MPa) intact 3.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.05  
z (mm) peak 9.89  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B295.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.64  
Depth (m), LGS 5.26  
Depth (m) LTOR 5.26  
Head (m) concrete 5.26  
qu (MPa) intact 1.64  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.47  
z (mm) peak 9.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B295.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.37  
Depth (m), LGS 4.25  
Depth (m) LTOR 4.25  
Head (m) concrete 4.25  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.27  
z (mm) peak 9.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B295.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 2.95  
Depth (m) LTOR 2.95  
Head (m) concrete 2.95  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.32  
z (mm) peak 9.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B295.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 1.73  
Depth (m) LTOR 1.73  
Head (m) concrete 1.73  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.019  
z (mm) peak 9.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B295.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B295.2 Load-transfer function (t-z) 
 
 






B296: Load Test SR296 
 
 
Pile No.: F4 
Database ID No.: SR296 
Original Reference: Vu (2013) 
 
Table B296.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 6.4  
Depth (m) LTOR 6.4  
Head (m) concrete 6.4  
qu (MPa) intact 3.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.21  
z (mm) peak 8.6  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B296.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 5.2  
Depth (m) LTOR 5.2  
Head (m) concrete 5.2  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.12  
z (mm) peak 8.3  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B296.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.914  
Depth (m), LGS 4.26  
Depth (m) LTOR 4.26  
Head (m) concrete 4.26  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak 0.36  
fs (MPa) ultimate 8.17  
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B296.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 3.35  
Depth (m) LTOR 3.35  
Head (m) concrete 3.35  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.41  
z (mm) peak 8.1  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B296.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 2.4  
Depth (m) LTOR 2.4  
Head (m) concrete 2.4  
qu (MPa) intact 0.25  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.11  
z (mm) peak 8.1  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B296.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 1.52  
Depth (m) LTOR 1.52  
Head (m) concrete 1.52  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.028  
z (mm) peak 8.1  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B296.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B296.2 Load-transfer function (t-z) 
 






B297: Load Test SR297 
 
 
Pile No.: F5 
Database ID No.: SR297 
Original Reference: Vu (2013) 
 
Table B297.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.7  
Depth (m), LGS 8  
Depth (m) LTOR 8  
Head (m) concrete 8  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.78  
z (mm) peak 9.3  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B297.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 6.6  
Depth (m) LTOR 6.6  
Head (m) concrete 6.6  
qu (MPa) intact 3.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.91  
z (mm) peak 9.08  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B297.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 5.36  
Depth (m) LTOR 5.36  
Head (m) concrete 5.36  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.56  
z (mm) peak 8.98  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B297.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.37  
Depth (m), LGS 4.07  
Depth (m) LTOR 4.07  
Head (m) concrete 4.07  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.23  
z (mm) peak 8.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B297.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.37  
Depth (m), LGS 2.69  
Depth (m) LTOR 2.69  
Head (m) concrete 2.69  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.2  
z (mm) peak 8.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B297.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.37  
Depth (m), LGS 1.32  
Depth (m) LTOR 1.32  
Head (m) concrete 1.32  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.00957  
z (mm) peak 8.89  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B297.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B297.2 Load-transfer function (t-z) 
 






B298: Load Test SR298 
 
 
Pile No.: F6 
Database ID No.: SR298 
Original Reference: Vu (2013) 
 
Table B298.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 6.76  
Depth (m) LTOR 6.76  
Head (m) concrete 6.76  
qu (MPa) intact 3.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.56  
z (mm) peak 10.52  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B298.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 5.5  
Depth (m) LTOR 5.5  
Head (m) concrete 5.5  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.85  
z (mm) peak 10.22  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B298.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 4.6  
Depth (m) LTOR 4.6  
Head (m) concrete 4.6  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.29  
z (mm) peak 10.1  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B298.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 3.7  
Depth (m) LTOR 3.7  
Head (m) concrete 3.7  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.229  
z (mm) peak 10  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B298.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 2.8  
Depth (m) LTOR 2.8  
Head (m) concrete 2.8  
qu (MPa) intact   
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.44  
z (mm) peak 9.94  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B298.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 1.89  
Depth (m) LTOR 1.89  
Head (m) concrete 1.89  
qu (MPa) intact 0.26  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.062  
z (mm) peak 9.92  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B298.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B298.2 Load-transfer function (t-z) 
 






B299: Load Test SR299 
 
 
Pile No.: F7 
Database ID No.: SR299 
Original Reference: Vu (2013) 
 
Table B299.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.06  
Depth (m), LGS 7.97  
Depth (m) LTOR 7.97  
Head (m) concrete 7.97  
qu (MPa) intact 3.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.72  
z (mm) peak 17.11  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B299.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.09  
Depth (m), LGS 6.9  
Depth (m) LTOR 6.9  
Head (m) concrete 6.9  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.54  
z (mm) peak 1.54  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B299.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1  
Depth (m), LGS 5.82  
Depth (m) LTOR 5.82  
Head (m) concrete 5.82  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.86  
z (mm) peak 16.3  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B299.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.7  
Depth (m), LGS 4.45  
Depth (m) LTOR 4.45  
Head (m) concrete 4.45  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.27  
z (mm) peak 16.08  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B299.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.34  
Depth (m), LGS 2.92  
Depth (m) LTOR 2.92  
Head (m) concrete 2.92  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.426  
z (mm) peak 15.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B299.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi  Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.37  
Depth (m), LGS 1.57  
Depth (m) LTOR 1.57  
Head (m) concrete 1.57  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.057  
z (mm) peak 15.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B299.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B299.2 Load-transfer function (t-z) 
 





B300: Load Test SR300 
 
 
Pile No.: F8 
Database ID No.: SR300 
Original Reference: Vu (2013) 
 
Table B300.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.88  
Depth (m), LGS 5.89  
Depth (m) LTOR 5.89  
Head (m) concrete 5.89  
qu (MPa) intact 3.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.44  
z (mm) peak 3.73  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B300.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 5  
Depth (m) LTOR 5  
Head (m) concrete 5  
qu (MPa) intact 3.17  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.248  
z (mm) peak 3.64  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B300.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.88  
Depth (m), LGS 4.1  
Depth (m) LTOR 4.1  
Head (m) concrete 4.1  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.076  
z (mm) peak 3.64  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B300.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 3.2  
Depth (m) LTOR 3.2  
Head (m) concrete 3.2  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.349  
z (mm) peak 3.52  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B300.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.94  
Depth (m), LGS 2.27  
Depth (m) LTOR 2.27  
Head (m) concrete 2.27  
qu (MPa) intact 0.253  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.081  
z (mm) peak 3.5  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B300.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 1.34  
Depth (m) LTOR 1.34  
Head (m) concrete 1.34  
qu (MPa) intact 0.15  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.028  
z (mm) peak 3.49  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B300.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B300.2 Load-transfer function (t-z) 
 






B301: Load Test SR301 
 
 
Pile No.: F9 
Database ID No.: SR301 
Original Reference: Vu (2013) 
 
Table B301.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.94  
Depth (m), LGS 3.95  
Depth (m) LTOR 3.95  
Head (m) concrete 3.95  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.46  
z (mm) peak 34.86  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B301.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.91  
Depth (m), LGS 3  
Depth (m) LTOR 3  
Head (m) concrete 3  
qu (MPa) intact 0.497  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.33  
z (mm) peak 34.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B301.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.91  
Depth (m), LGS 2.1  
Depth (m) LTOR 2.1  
Head (m) concrete 2.1  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.038  
z (mm) peak 34.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B301.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.91  
Depth (m), LGS 1.18  
Depth (m) LTOR 1.18  
Head (m) concrete 1.18  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.038  
z (mm) peak 34.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B301.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.426  
Depth (m), LGS 0.52  
Depth (m) LTOR 0.52  
Head (m) concrete 0.52  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.014  
z (mm) peak 34.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B301.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B301.2 Load-transfer function (t-z) 
 
 





B302: Load Test SR302 
 
 
Pile No.: F10 
Database ID No.: SR302 
Original Reference: Vu (2013) 
 
Table B302.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 1.21  
Depth (m), LGS 4.42  
Depth (m) LTOR 4.42  
Head (m) concrete 4.42  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.43  
z (mm) peak 23.3  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B302.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.6  
Depth (m), LGS 3.5  
Depth (m) LTOR 3.5  
Head (m) concrete 3.5  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.435  
z (mm) peak 23.27  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B302.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.67  
Depth (m), LGS 2.86  
Depth (m) LTOR 2.86  
Head (m) concrete 2.86  
qu (MPa) intact 0.49  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.28  
z (mm) peak 23.25  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B302.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.61  
Depth (m), LGS 2.22  
Depth (m) LTOR 2.22  
Head (m) concrete 2.22  
qu (MPa) intact 0.158  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.019  
z (mm) peak 23.25  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B302.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.54  
Depth (m), LGS 1.64  
Depth (m) LTOR 1.64  
Head (m) concrete 1.64  
qu (MPa) intact 0.158  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.043  
z (mm) peak 23.25  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B302.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG5-SG6  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 1.52  
Shear length, l (m) 0.61  
Depth (m), LGS 1.1  
Depth (m) LTOR 1.1  
Head (m) concrete 1.1  
qu (MPa) intact 0.16  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.105  
z (mm) peak 23.25  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B302.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B302.2 Load-transfer function (t-z) 
 






B303: Load Test SR303 
 
 
Pile No.: W1 
Database ID No.: SR303 
Original Reference: Vu (2013) 
 
Table B303.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.71  
Depth (m), LGS 6.96  
Depth (m) LTOR 3.96  
Head (m) concrete 6.96  
qu (MPa) intact 0.718  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.16  
z (mm) peak 61.05  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B303.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.25  
Depth (m), LGS 4.98  
Depth (m) LTOR 1.98  
Head (m) concrete 4.98  
qu (MPa) intact 0.718  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.095  
z (mm) peak 60.98  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B303.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 3.75  
Depth (m) LTOR 0.75  
Head (m) concrete 3.75  
qu (MPa) intact 0.718  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak   
z (mm) peak 0.047  
fs (MPa) ultimate 60.97  
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B303.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B303.2 Load-transfer function (t-z) 
 






B304: Load Test SR304 
 
 
Pile No.: W2 
Database ID No.: SR304 
Original Reference: Vu (2013) 
 
Table B304.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.68  
Depth (m), LGS 7.25  
Depth (m) LTOR 3  
Head (m) concrete 7.25  
qu (MPa) intact 0.718  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.114  
z (mm) peak 28.63  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B304.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.28  
Depth (m), LGS 5.27  
Depth (m) LTOR 1  
Head (m) concrete 5.27  
qu (MPa) intact 0.718  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.28  
z (mm) peak 28.55  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B304.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B304.2 Load-transfer function (t-z) 
 






B305: Load Test SR305 
 
 
Pile No.: W3 
Database ID No.: SR305 
Original Reference: Vu (2013) 
 
Table B305.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.1  
Depth (m), LGS 11.75  
Depth (m) LTOR 7.5  
Head (m) concrete 11.75  
qu (MPa) intact 3.57  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.22  
z (mm) peak 86.4  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B305.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.4  
Depth (m), LGS 9.48  
Depth (m) LTOR 5.22  
Head (m) concrete 9.48  
qu (MPa) intact 0.43  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.22  
z (mm) peak 86.37  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B305.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.16  
Depth (m), LGS 7.2  
Depth (m) LTOR 2.94  
Head (m) concrete 7.2  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.22  
z (mm) peak 86.33  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B305.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 5.33  
Depth (m) LTOR 1.1  
Head (m) concrete 5.33  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.27  
z (mm) peak 86.3  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B305.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B305.2 Load-transfer function (t-z) 
 






B306: Load Test SR306 
 
 
Pile No.: W4 
Database ID No.: SR306 
Original Reference: Vu (2013) 
 
Table B306.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.1  
Depth (m), LGS 11.66  
Depth (m) LTOR 7.26  
Head (m) concrete 11.66  
qu (MPa) intact 3.57  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.19  
z (mm) peak 85.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B306.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Shale to sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.43  
Depth (m), LGS 9.4  
Depth (m) LTOR 5  
Head (m) concrete 9.4  
qu (MPa) intact 0.43  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.32  
z (mm) peak 85.5  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B306.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.16  
Depth (m), LGS 7.1  
Depth (m) LTOR 2.7  
Head (m) concrete 7.1  
qu (MPa) intact 0.71  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.086  
z (mm) peak 85.32  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B306.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.86  
Depth (m), LGS 5.1  
Depth (m) LTOR 0.7  
Head (m) concrete 5.1  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.24  
z (mm) peak 85.22  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B306.1 Cont. Load test results 
 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B306.2 Load-transfer function (t-z) 
 






B307: Load Test SR307 
 
 
Pile No.: W5 
Database ID No.: SR307 
Original Reference: Vu (2013) 
 
Table B307.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.55  
Depth (m), LGS 6.02  
Depth (m) LTOR 3.32  
Head (m) concrete 6.02  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.081  
z (mm) peak 1.5  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B307.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.88  
Depth (m), LGS 4.8  
Depth (m) LTOR 2.1  
Head (m) concrete 4.8  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.062  
z (mm) peak 1.52  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B307.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.88  
Depth (m), LGS 3.91  
Depth (m) LTOR 1.21  
Head (m) concrete 3.91  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.038  
z (mm) peak 1.51  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B307.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 0.91  
Depth (m), LGS 3  
Depth (m) LTOR 0.31  
Head (m) concrete 3  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.019  
z (mm) peak 1.51  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B307.1 Cont. Load test results 
 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B307.2 Load-transfer function (t-z) 
 






B308: Load Test SR308 
 
 
Pile No.: W6 
Database ID No.: SR308 
Original Reference: Vu (2013) 
 
Table B308.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.49  
Depth (m), LGS 7.97  
Depth (m) LTOR 3.6  
Head (m) concrete 7.97  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.23  
z (mm) peak 43.5  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B308.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.21  
Depth (m), LGS 6.61  
Depth (m) LTOR 2.21  
Head (m) concrete 6.61  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.14  
z (mm) peak 43.4  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B308.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 5.39  
Depth (m) LTOR 1  
Head (m) concrete 5.39  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.22  
z (mm) peak 43.33  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B308.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B308.2 Load-transfer function (t-z) 
 






B309: Load Test SR309 
 
 
Pile No.: W7 
Database ID No.: SR309 
Original Reference: Vu (2013) 
 
Table B309.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.16  
Depth (m), LGS 8.5  
Depth (m) LTOR 4.5  
Head (m) concrete 8.5  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.1  
z (mm) peak 9.01  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B309.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.4  
Depth (m), LGS 6.2  
Depth (m) LTOR 2.2  
Head (m) concrete 6.2  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.11  
z (mm) peak 8.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B309.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 4.35  
Depth (m) LTOR 0.35  
Head (m) concrete 4.35  
qu (MPa) intact 0.55  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.062  
z (mm) peak 8.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B309.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B309.2 Load-transfer function (t-z) 
 






B310: Load Test SR310 
 
 
Pile No.: W8 
Database ID No.: SR310 
Original Reference: Vu (2013) 
 
Table B310.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.65  
Depth (m), LGS 12.5  
Depth (m) LTOR 8.9  
Head (m) concrete 12.5  
qu (MPa) intact 3.6  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.76  
z (mm) peak 66.5  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B310.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.82  
Depth (m), LGS 10.3  
Depth (m) LTOR 6.7  
Head (m) concrete 10.3  
qu (MPa) intact 0.26  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.25  
z (mm) peak 66.1  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B310.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.83  
Depth (m), LGS 8.47  
Depth (m) LTOR 4.87  
Head (m) concrete 8.47  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.22  
z (mm) peak 65.97  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B310.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.83  
Depth (m), LGS 6.64  
Depth (m) LTOR 3.04  
Head (m) concrete 6.64  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.15  
z (mm) peak 65.86  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B310.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.83  
Depth (m), LGS 4.8  
Depth (m) LTOR 1.2  
Head (m) concrete 4.8  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.11  
z (mm) peak 65.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B310.1 Cont. Load test results 
 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B310.2 Load-transfer function (t-z) 
 






B311: Load Test SR311 
 
 
Pile No.: W9 
Database ID No.: SR311 
Original Reference: Vu (2013) 
 
Table B311.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 2.74  
Depth (m), LGS 12.5  
Depth (m) LTOR 9  
Head (m) concrete 12.5  
qu (MPa) intact 3.6  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.19  
z (mm) peak 101.33  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B311.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 3.68  
Depth (m), LGS 9.28  
Depth (m) LTOR 6.3  
Head (m) concrete 9.28  
qu (MPa) intact 0.53  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.177  
z (mm) peak 101  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B311.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.79  
Depth (m), LGS 6.5  
Depth (m) LTOR 3  
Head (m) concrete 6.5  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.172  
z (mm) peak 100.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B311.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG4-SG5  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.82  
Depth (m), LGS 4.72  
Depth (m) LTOR 1.22  
Head (m) concrete 4.72  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.14  
z (mm) peak 100.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B311.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B311.2 Load-transfer function (t-z) 
 






B312: Load Test SR312 
 
 
Pile No.: W10 
Database ID No.: SR312 
Original Reference: Vu (2013) 
 
Table B312.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.61  
Depth (m), LGS 9.5  
Depth (m) LTOR 3.63  
Head (m) concrete 9.5  
qu (MPa) intact 0.45  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.057  
z (mm) peak 1.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B312.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 3.04  
Depth (m), LGS 7.16  
Depth (m) LTOR 3.29  
Head (m) concrete 7.16  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.047  
z (mm) peak 1.83  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B312.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 4.87  
Depth (m) LTOR 1  
Head (m) concrete 4.87  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.057  
z (mm) peak 1.77  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B312.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B312.2 Load-transfer function (t-z) 
 






B313: Load Test SR313 
 
 
Pile No.: W11 
Database ID No.: SR313 
Original Reference: Vu (2013) 
 
Table B313.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.64  
Depth (m), LGS 9.36  
Depth (m) LTOR 5.61  
Head (m) concrete 9.36  
qu (MPa) intact 0.48  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.167  
z (mm) peak 9.2  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B313.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 7.77  
Depth (m) LTOR 4.02  
Head (m) concrete 7.77  
qu (MPa) intact 0.71  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.067  
z (mm) peak 9.1  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B313.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 6.25  
Depth (m) LTOR 2.5  
Head (m) concrete 6.25  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.134  
z (mm) peak 9.04  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B313.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 4.72  
Depth (m) LTOR 0.97  
Head (m) concrete 4.72  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.086  
z (mm) peak 9.01  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B313.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B313.2 Load-transfer function (t-z) 
 






B314: Load Test SR314 
 
 
Pile No.: W12 
Database ID No.: SR314 
Original Reference: Vu (2013) 
 
Table B314.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.55  
Depth (m), LGS 8  
Depth (m) LTOR 4.5  
Head (m) concrete 8  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.4  
z (mm) peak 32.78  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B314.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.25  
Depth (m), LGS 6.6  
Depth (m) LTOR 3.1  
Head (m) concrete 6.6  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.172  
z (mm) peak 32.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B314.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.19  
Depth (m), LGS 5.38  
Depth (m) LTOR 1.88  
Head (m) concrete 5.38  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.033  
z (mm) peak 32.67  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B314.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG3-SG4  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 4.17  
Depth (m) LTOR 0.67  
Head (m) concrete 4.17  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.00957  
z (mm) peak 32.66  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B314.1 Cont. Load test results 
 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B314.2 Load-transfer function (t-z) 
 






B315: Load Test SR315 
 
 
Pile No.: W13 
Database ID No.: SR315 
Original Reference: Vu (2013) 
 
Table B315.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.49  
Depth (m), LGS 7.78  
Depth (m) LTOR 4.43  
Head (m) concrete 7.78  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.31  
z (mm) peak 19.25  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B315.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.4  
Depth (m), LGS 6.3  
Depth (m) LTOR 2.95  
Head (m) concrete 6.3  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.09  
z (mm) peak 19.2  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B315.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.06  
Depth (m), LGS 5.11  
Depth (m) LTOR 1.76  
Head (m) concrete 5.11  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.057  
z (mm) peak 19.23  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B315.1 Cont. Load test results 
 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






B316: Load Test SR316 
 
 
Pile No.: W14 
Database ID No.: SR316 
Original Reference: Vu (2013) 
 
Table B316.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.46  
Depth (m), LGS 7.89  
Depth (m) LTOR 3.63  
Head (m) concrete 7.89  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.239  
z (mm) peak 55.4  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B316.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.25  
Depth (m), LGS 6.5  
Depth (m) LTOR 2.24  
Head (m) concrete 6.5  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.115  
z (mm) peak 61.9  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B316.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.28  
Depth (m), LGS 5.3  
Depth (m) LTOR 1.04  
Head (m) concrete 5.3  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.119  
z (mm) peak 55.3  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B316.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B316.2 Load-transfer function (t-z) 
 






B317: Load Test SR317 
 
 
Pile No.: W15 
Database ID No.: SR317 
Original Reference: Vu  (2013) 
 
Table B317.1 Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level Ocell-SG1  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.52  
Depth (m), LGS 7.98  
Depth (m) LTOR 3.38  
Head (m) concrete 7.98  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.29  
z (mm) peak 71.8  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B317.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG1-SG2  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.22  
Depth (m), LGS 6.61  
Depth (m) LTOR 2.01  
Head (m) concrete 6.61  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.21  
z (mm) peak 71.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B317.1 Cont. Load test results 
 
Item Value  Comments 
Load test type Ocell  
Strain gauge level SG2-SG3  
Lithology Sandy shale  
mi 10 Hoek et al (1995) 
Modulus of deformation 
(MPa) mass 
 Back-analyzed from  
Pells and Turner (1979) 
Poisson’s Ratio 0.3 Average value based on Rock 
Mechanics Chapter 
SRC  Seidel and Collingwood 
(2001) 
Socket Diameter (m) 0.91  
Shear length, l (m) 1.25  
Depth (m), LGS 5.38  
Depth (m) LTOR 0.78  
Head (m) concrete 5.38  
qu (MPa) intact 0.72  
qu (MPa) mass   
α (Ultimate OR Max)   
Measured roughness (mm)   
Mobilized roughness (mm)   
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.138  
z (mm) peak 71.7  
fs (MPa) ultimate   
z (mm) ultimate   
Initial shear stiffness, Ksi 
(MPa/mm) 
 Based on slope of the tangent 






Table B317.1 Cont. Load test results 
 
L1-L2 (Hirany, 1988 Method) and Hyperbolic Data 
 
L1-L2 method of Hirany (1988) Data 
Item Value  Comments 
Strain gauge level   
L1 (mm)   
q1 (MPa)   
L2 (mm)   




Item Value  Comments 
Strain gauge level   
Goodness of fit for pre-peak 
zone, R2 
  
y-intercept for line of best fit 
to the transformed t-z 
relationship, a (mm/kPa) 
 May be used for calculation of 







Item Value  Comments 
Socket construction method   
Casing  Tip depth from GS (m) =  
Drill bit type   
Slurry   
Concrete placement method   
Concrete slump (mm)   
f’c (MPa)   
Concrete modulus, Ec (GPa)   










GSI Classification Inputs Rock Mass Values Rating 
Structure   
Surface Condition   






Table B317.2 Load-transfer function (t-z) 
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C1: Test CNS1 
 
 
Test No.: PM4 
Database ID No.: CNS1 
Original Reference: Williams (1980) 
 
Table C1 CNS direct shear test information and data 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 38  
Initial Slope (kPa/mm) 525.15  
Initial Normal Stress (kPa) 100  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max) 0.034  
Asperity angle (deg) 45 Regular 
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.626  
z (mm) peak 5.4  
fs (MPa) ultimate 0.305  
z (mm) ultimate 44  
Normal stress at peak, σn,p 
(kPa) 
319  
Normal stress at ultimate, σn,u 
(kPa) 
260  
Dilation at peak, Vp (mm) 5.9  





Table C1 Cont. CNS direct shear test information and data 
 

























C2: Test CNS2 
 
 
Test No.: PM5 
Database ID No.: CNS2 
Original Reference: Williams (1980) 
 
Table C2 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 80  
Initial Slope (kPa/mm) 200  
Initial Normal Stress (kPa) 100  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max) 0.047  
Asperity angle (deg) 45 Regular 
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.87  
z (mm) peak 4.82  
fs (MPa) ultimate 0.5  
z (mm) ultimate 45.46  
Normal stress at peak, σn,p 
(kPa) 
487  
Normal stress at ultimate, σn,u 
(kPa) 
360  
Dilation at peak, Vp (mm) 5  





Table C2 Cont. CNS direct shear test information and data 
 























C3: Test CNS3 
 
 
Test No.: PM6 
Database ID No.: CNS3 
Original Reference: Williams (1980) 
 
Table C3 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 233  
Initial Slope (kPa/mm) 668.45  
Initial Normal Stress (kPa) 110  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max)   
Asperity angle (deg) 45 Regular 
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.434  
z (mm) peak 3.72  
fs (MPa) ultimate 0.667  
z (mm) ultimate 43.71  
Normal stress at peak, σn,p 
(kPa) 
903  
Normal stress at ultimate, σn,u 
(kPa) 
700  
Dilation at peak, Vp (mm) 3.4  





Table C3 Cont. CNS direct shear test information and data 
 



















C4: Test CNS4 
 
 
Test No.: PM7 
Database ID No.: CNS4 
Original Reference: Williams (1980) 
 
Table C4 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 328  
Initial Slope (kPa/mm) 546.7  
Initial Normal Stress (kPa) 85.71  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max) 0.106  
Asperity angle (degree) 45 Regular profile 
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.952  
z (mm) peak 4.12  
fs (MPa) ultimate 0.676  
z (mm) ultimate 41.99  
Normal stress at peak, σn,p 
(kPa) 
1384  
Normal stress at ultimate, σn,u 
(kPa) 
780  
Dilation at peak, Vp (mm) 3.9  





Table C4 Cont. CNS direct shear test information and data 
 


















C5: Test CNS5 
 
 
Test No.: PM8 
Database ID No.: CNS5 
Original Reference: Williams (1980) 
 
Table C5 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 1017  
Initial Slope (kPa/mm) 1489  
Initial Normal Stress (kPa) 214.3  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 45 Regular profile 
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.363  
z (mm) peak 2.93  
fs (MPa) ultimate 1.378  
z (mm) ultimate 43.94  
Normal stress at peak, σn,p 
(kPa) 
2952  
Normal stress at ultimate, σn,u 
(kPa) 
1500  
Dilation at peak, Vp (mm) 2.8  





Table C5 Cont. CNS direct shear test information and data 
 
















C6: Test CNS6 
 
 
Test No.: PM9 
Database ID No.: CNS6 
Original Reference: Williams (1980) 
 
Table C6 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 1332  
Initial Slope (kPa/mm) 1801  
Initial Normal Stress (kPa) 285  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max) 0.25  
Asperity angle (degree) 45 Regular profile 
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.703  
z (mm) peak 2.61  
fs (MPa) ultimate 1.014  
z (mm) ultimate 43.15  
Normal stress at peak, σn,p 
(kPa) 
3288  
Normal stress at ultimate, σn,u 
(kPa) 
1300  
Dilation at peak, Vp (mm) 2.4  





Table C6 Cont. CNS direct shear test information and data 
 

















C7: Test CNS7 
 
 
Test No.: PM12 
Database ID No.: CNS7 
Original Reference: Williams (1980) 
 
Table C7 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 1000  
Initial Slope (kPa/mm) 232  
Initial Normal Stress (kPa) 57.14  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12 Regular profile 
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
13  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.367  
z (mm) peak 19.28  
fs (MPa) ultimate 1.161  
z (mm) ultimate 47.7  
Normal stress at peak, σn,p 
(kPa) 
3059  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 3  





Table C7 Cont. CNS direct shear test information and data 
 

















C8: Test CNS8 
 
 
Test No.: PM13 
Database ID No.: CNS8 
Original Reference: Williams (1980) 
 
Table C8 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Dry plaster  
Normal Stiffness (kPa/mm) 164  
Initial Slope (kPa/mm) 43.27  
Initial Normal Stress (kPa) 88.9  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 0  
Unconfined compressive 
strength for rock, qu (MPa) 
18.33  
f’c of concrete cap (MPa) 35  
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
3666  
α = fs/qu (Ultimate OR Max) 0.07  
Asperity angle (degree) 12  
Asperity height (mm) 10  
Interface dilation angle 
(degree) 
11  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.369  
z (mm) peak 33.56  
fs (MPa) ultimate 0.687  
z (mm) ultimate 45.75  
Normal stress at peak, σn,p 
(kPa) 
1126  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 6.4  





Table C8 Cont. CNS direct shear test information and data 
 


















C9: Test CNS9 
 
 
Test No.: SM1 
Database ID No.: CNS9 
Original Reference: Williams (1980) 
 
Table C9 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 91.6  
Initial Slope (kPa/mm) 64.89  
Initial Normal Stress (kPa) 10.3  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 16.9  
Unconfined compressive 
strength for rock, qu (MPa) 
1.012  
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 32.7  
Modulus of deformation 
(MPa) 
52.58  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2+/- 14 Irregular 
Asperity height (mm) 2.6  
Interface dilation angle 
(degree) 
11  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.159  
z (mm) peak 26.87  
fs (MPa) ultimate 0.13  
z (mm) ultimate 41.13  
Normal stress at peak, σn,p 
(kPa) 
227  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 2.3  





Table C9 Cont. CNS direct shear test information and data 
 


















C10: Test CNS10 
 
 
Test No.: SM2 
Database ID No.: CNS10 
Original Reference: Williams (1980) 
 
Table C10 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 71.9  
Initial Slope (kPa/mm) 171.97  
Initial Normal Stress (kPa) 25  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 16  
Unconfined compressive 
strength for rock, qu (MPa) 
1.153  
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 33.54  
Modulus of deformation 
(MPa) 
73.11  
α = fs/qu (Ultimate OR Max) 0.13  
Asperity angle (degree) 2 +/- 18 Irregular 
Asperity height (mm) 2.1  
Interface dilation angle 
(degree) 
21  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.15  
z (mm) peak 4.1  
fs (MPa) ultimate 0.146  
z (mm) ultimate 35.63  
Normal stress at peak, σn,p 
(kPa) 
139  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 1.6  





Table C10 Cont. CNS direct shear test information and data 
 






















C11: Test CNS11 
 
 
Test No.: SM3 
Database ID No.: CNS11 
Original Reference: Williams (1980) 
 
Table C11 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 148  
Initial Slope (kPa/mm) 62.48  
Initial Normal Stress (kPa) 16  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 16.9  
Unconfined compressive 
strength for rock, qu (MPa) 
1.012  
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 32.74  
Modulus of deformation 
(MPa) 
52.58  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 +/-14 Irregular 
Asperity height (mm) 1.7  
Interface dilation angle 
(degree) 
13  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.128  
z (mm) peak 4.56  
fs (MPa) ultimate 0.085  
z (mm) ultimate 34.05  
Normal stress at peak, σn,p 
(kPa) 
131  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 0.8  





Table C11 Cont. CNS direct shear test information and data 
 

















C12: Test CNS12 
 
 
Test No.: SM4 
Database ID No.: CNS12 
Original Reference: Williams (1980) 
 
Table C12 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 38  
Initial Slope (kPa/mm) 34.13  
Initial Normal Stress (kPa) 12.5  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 16.6  
Unconfined compressive 
strength for rock, qu (MPa) 
1.057 Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 33  
Modulus of deformation 
(MPa) 
58.69 Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 1 +/-16 Irregular 
Asperity height (mm) 3.3  
Interface dilation angle 
(degree) 
19  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.086  
z (mm) peak 6.26  
fs (MPa) ultimate 0.071  
z (mm) ultimate 28.8  
Normal stress at peak, σn,p 
(kPa) 
89  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 2  





Table C12 Cont. CNS direct shear test information and data 
 

















C13: Test CNS13 
 
 
Test No.: SM6 
Database ID No.: CNS13 
Original Reference: Williams (1980) 
 
Table C13 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 1418  
Initial Slope (kPa/mm) 232.7  
Initial Normal Stress (kPa) 27  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 18  
Unconfined compressive 
strength for rock, qu (MPa) 
0.862 Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 31.75  
Modulus of deformation 
(MPa) 
35.15 Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 +/- 17 Irregular 
Asperity height (mm) 2.4  
Interface dilation angle 
(degree) 
6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.275  
z (mm) peak 4.86  
fs (MPa) ultimate 0.139  
z (mm) ultimate 43.78  
Normal stress at peak, σn,p 
(kPa) 
346  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 0.24  





Table C13 Cont. CNS direct shear test information and data 
 


















C14: Test CNS14 
 
 
Test No.: SM7 
Database ID No.: CNS14 
Original Reference: Williams (1980) 
 
Table C14 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 228  
Initial Slope (kPa/mm) 128.8  
Initial Normal Stress (kPa) 16.66  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
0.997 Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 32.66  
Modulus of deformation 
(MPa) 
50.69 Baycan (1981) 
α = fs/qu (Ultimate OR Max) 0.211  
Asperity angle (degree) 0 +/- 17 Irregular 
Asperity height (mm) 2.4  
Interface dilation angle 
(degree) 
14  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.211  
z (mm) peak 5.25  
fs (MPa) ultimate 0.149  
z (mm) ultimate 41.12  
Normal stress at peak, σn,p 
(kPa) 
219  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 0.88  





Table C14 Cont. CNS direct shear test information and data 
 


















C15: Test CNS15 
 
 
Test No.: SM8 
Database ID No.: CNS15 
Original Reference: Williams (1980) 
 
Table C15 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 232  
Initial Slope (kPa/mm) 99.95  
Initial Normal Stress (kPa) 11.7  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
0.997  
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 32.66  
Modulus of deformation 
(MPa) 
50.69 Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 1 +/-20 Irregular 
Asperity height (mm) 2.9  
Interface dilation angle 
(degree) 
14  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.194  
z (mm) peak 8.44  
fs (MPa) ultimate 0.132  
z (mm) ultimate 33.63  
Normal stress at peak, σn,p 
(kPa) 
259  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 1.1  





Table C15 Cont. CNS direct shear test information and data 
 



















C16: Test CNS16 
 
 
Test No.: SM10 
Database ID No.: CNS16 
Original Reference: Williams (1980) 
 
Table C16 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 393  
Initial Slope (kPa/mm) 159.96  
Initial Normal Stress (kPa) 0  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 15.5  
Unconfined compressive 
strength for rock, qu (MPa) 
1.24 Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 33.98  
Modulus of deformation 
(MPa) 
87.8 Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 1 +/- 18 Irregular 
Asperity height (mm) 5.8  
Interface dilation angle 
(degree) 
7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.368  
z (mm) peak 9.82  
fs (MPa) ultimate 0.363  
z (mm) ultimate 34.28  
Normal stress at peak, σn,p 
(kPa) 
371  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 0.94  





Table C16 Cont. CNS direct shear test information and data 
 



















C17: Test CNS17 
 
 
Test No.: SM11 
Database ID No.: CNS17 
Original Reference: Williams (1980) 
 
Table C17 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 49  
Initial Slope (kPa/mm) 232.94  
Initial Normal Stress (kPa) 10  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 15.7  
Unconfined compressive 
strength for rock, qu (MPa) 
1.204 Based on correlation of 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 33.81  
Modulus of deformation 
(MPa) 
81.6 Based on correlation of 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2 +/- 19 Irregular profile 
Asperity height (mm) 6.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.171  
z (mm) peak 22.96  
fs (MPa) ultimate 0.127  
z (mm) ultimate 32.78  
Normal stress at peak, σn,p 
(kPa) 
205  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 3.9  





Table C17 Cont. CNS direct shear test information and data 
 

















C18: Test CNS18 
 
 
Test No.: SM12 
Database ID No.: CNS18 
Original Reference: Williams (1980) 
 
Table C18 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 635  
Initial Slope (kPa/mm) 155.88  
Initial Normal Stress (kPa) 0  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 15.6  
Unconfined compressive 
strength for rock, qu (MPa) 
1.222 Based on correlation from 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 33.89  
Modulus of deformation 
(MPa) 
84.64 Based on correlation from 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2 +/- 20 Irregular profile 
Asperity height (mm) 5.6  
Interface dilation angle 
(degree) 
6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.347  
z (mm) peak 16.8  
fs (MPa) ultimate 0.342  
z (mm) ultimate 35.22  
Normal stress at peak, σn,p 
(kPa) 
470  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 0.74  





Table C18 Cont. CNS direct shear test information and data 
 
















C19: Test CNS19 
 
 
Test No.: SM13 
Database ID No.: CNS19 
Original Reference: Williams (1980) 
 
Table C19 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 354  
Initial Slope (kPa/mm) 156.18  
Initial Normal Stress (kPa) 28  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 15.6  
Unconfined compressive 
strength for rock, qu (MPa) 
1.222 Based on correlation from 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 33.89  
Modulus of deformation 
(MPa) 
84.64 Based on correlation from 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 3 +/- 18 Irregular profile 
Asperity height (mm) 8.2  
Interface dilation angle 
(degree) 
8  
fs (MPa) max 0.42  
z (mm) max 45.54  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
417  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 1.1  





Table C19 Cont. CNS direct shear test information and data 
 

















C20: Test CNS20 
 
 
Test No.: MM1 
Database ID No.: CNS20 
Original Reference: Williams (1980) 
 
Table C20 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 105  
Initial Slope (kPa/mm) 994.16  
Initial Normal Stress (kPa) 16.7  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 8.1  
Unconfined compressive 
strength for rock, qu (MPa) 
3.628 Based on the correlation from 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 39.92  
Modulus of deformation 
(MPa) 
1318.56 Based on the correlation from 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 1 +/-19 Irregular profile 
Asperity height (mm) 4.7  
Interface dilation angle 
(degree) 
27  
fs (MPa) max 0.805  
z (mm) max 32  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
460  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 4.3  





Table C20 Cont. CNS direct shear test information and data 
 















C21: Test CNS21 
 
 
Test No.: MM2 
Database ID No.: CNS21  
Original Reference: Williams (1980) 
 
Table C21 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 366  
Initial Slope (kPa/mm) 953.84  
Initial Normal Stress (kPa) 44.4  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 8.6  
Unconfined compressive 
strength for rock, qu (MPa) 
3.374 Based on correlation from 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 39.54  
Modulus of deformation 
(MPa) 
1098 Based on correlation from 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 1 +/- 13 Irregular profile 
Asperity height (mm) 3  
Interface dilation angle 
(degree) 
22  
fs (MPa) max 1.187  
z (mm) max 37.97  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
600  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 1.5  





Table C21 Cont. CNS direct shear test information and data 
 














C22: Test CNS22 
 
 
Test No.: MM3 
Database ID No.: CNS22 
Original Reference: Williams (1980) 
 
Table C22 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 66  
Initial Slope (kPa/mm) 201.1  
Initial Normal Stress (kPa) 50  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 8.4  
Unconfined compressive 
strength for rock, qu (MPa) 
3.473 Based on correlation from 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 39.7  
Modulus of deformation 
(MPa) 
1181.41 Based on correlation from 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2 +/- 14 Irregular profile 
Asperity height (mm) 2.4  
Interface dilation angle 
(degree) 
27  
fs (MPa) max 0.375  
z (mm) max 37.76  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
230  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 3.2  





Table C22 Cont. CNS direct shear test information and data 
 














C23: Test CNS23 
 
 
Test No.: MM4 
Database ID No.: CNS23 
Original Reference: Williams (1980) 
 
Table C23 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 248  
Initial Slope (kPa/mm) 265.6  
Initial Normal Stress (kPa) 50  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 8.2  
Unconfined compressive 
strength for rock, qu (MPa) 
3.576 Based on correlation from 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 39.84  
Modulus of deformation 
(MPa) 
1271.16 Based on correlation from 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2 +/- 14 Irregular profile 
Asperity height (mm) 2.8  
Interface dilation angle 
(degree) 
27  
fs (MPa) max 0.641  
z (mm) max 39  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
380  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 1.5  





Table C23 Cont. CNS direct shear test information and data 
 














C24: Test CNS24 
 
 
Test No.: MM5 
Database ID No.: CNS24 
Original Reference: Williams (1980) 
 
Table C24 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 839  
Initial Slope (kPa/mm) 223.58  
Initial Normal Stress (kPa) 0  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 8.6  
Unconfined compressive 
strength for rock, qu (MPa) 
3.374 Based on correlation from 
Baycan (1981) 
f’c of concrete cap (MPa) 21  
Rock friction angle (degree) 39.54  
Modulus of deformation 
(MPa) 
1098 Based on correlation from 
Baycan (1981) 
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2 +/- 13 Irregular profile 
Asperity height (mm) 3.2  
Interface dilation angle 
(degree) 
22  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.678  
z (mm) peak 8.45  
fs (MPa) ultimate 0.395  
z (mm) ultimate 38.12  
Normal stress at peak, σn,p 
(kPa) 
720  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm) 1  





Table C24 Cont. CNS direct shear test information and data 
 















C25: Test CNS25 
 
 
Test No.: MJR51 
Database ID No.: CNS25 
Original Reference: Seidel (1993) 
 
Table C25 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 312.78  
Initial Normal Stress (kPa) 588  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular 
Asperity height (mm) 3.75  
Interface dilation angle 
(degree) 
3.3  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.061  
z (mm) peak 35.9  
fs (MPa) ultimate 0.85  
z (mm) ultimate 46.6  
Normal stress at peak, σn,p 
(kPa) 
1867.3  
Normal stress at ultimate, σn,u 
(kPa) 
1601  
Dilation at peak, Vp (mm) 2.1  





Table C25 Cont. CNS direct shear test information and data 
 



































C26: Test CNS26 
 
 
Test No.: MJR101 
Database ID No.: CNS26 
Original Reference: Seidel (1993) 
 
Table C26 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 504  
Initial Normal Stress (kPa) 304  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular 
Asperity height (mm) 7.5  
Interface dilation angle 
(degree) 
6.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.045  
z (mm) peak 32  
fs (MPa) ultimate 0.604  
z (mm) ultimate 40  
Normal stress at peak, σn,p 
(kPa) 
1504.4  
Normal stress at ultimate, σn,u 
(kPa) 
1140.95  
Dilation at peak, Vp (mm) 3.98  





Table C26 Cont. CNS direct shear test information and data 
 









































C27: Test CNS27 
 
 
Test No.: MJR121 
Database ID No.: CNS27 
Original Reference: Seidel (1993) 
 
Table C27 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 321  
Initial Slope (kPa/mm) 577.8  
Initial Normal Stress (kPa) 331  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
5.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.718  
z (mm) peak 16.3  
fs (MPa) ultimate 0.344  
z (mm) ultimate 49.3  
Normal stress at peak, σn,p 
(kPa) 
837.7  
Normal stress at ultimate, σn,u 
(kPa) 
580.5  
Dilation at peak, Vp (mm) 1.59  





Table C27 Cont. CNS direct shear test information and data 
 































Table C27 Cont. CNS direct shear test information and data 
 

















C28: Test CNS28 
 
 
Test No.: MJR122 
Database ID No.: CNS28 
Original Reference: Seidel (1993) 
 
Table C28 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 321  
Initial Slope (kPa/mm) 472.6  
Initial Normal Stress (kPa) 330  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
10.25  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.023  
z (mm) peak 16.6  
fs (MPa) ultimate 0.437  
z (mm) ultimate 30.3  
Normal stress at peak, σn,p 
(kPa) 
1.355  
Normal stress at ultimate, σn,u 
(kPa) 
0.828  
Dilation at peak, Vp (mm) 3.2  





Table C28 Cont. CNS direct shear test information and data 
 






























Table C28 Cont. CNS direct shear test information and data 
 


















C29: Test CNS29 
 
 
Test No.: MJR123 
Database ID No.: CNS29 
Original Reference: Seidel (1993) 
 
Table C29 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 321  
Initial Slope (kPa/mm) 466.66  
Initial Normal Stress (kPa) 339  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
11.76  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.906  
z (mm) peak 18.9  
fs (MPa) ultimate 0.522  
z (mm) ultimate 33.8  
Normal stress at peak, σn,p 
(kPa) 
1.33  
Normal stress at ultimate, σn,u 
(kPa) 
1.033  
Dilation at peak, Vp (mm) 3.11  





Table C29 Cont. CNS direct shear test information and data 
 






























Table C29 Cont. CNS direct shear test information and data 
 
















C30: Test CNS30 
 
 
Test No.: MJR124 
Database ID No.: CNS30 
Original Reference: Seidel (1993) 
 
Table C30 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Jonnstone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 204.6  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
10.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.648  
z (mm) peak 22.2  
fs (MPa) ultimate 0.251  
z (mm) ultimate 39.7  
Normal stress at peak, σn,p 
(kPa) 
0.818  
Normal stress at ultimate, σn,u 
(kPa) 
0.607  
Dilation at peak, Vp (mm) 4.47  





Table C30 Cont. CNS direct shear test information and data 
 






































C31: Test CNS31 
 
 
Test No.: MJR125 
Database ID No.: CNS31 
Original Reference: Seidel (1993) 
 
Table C31 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 818.11  
Initial Normal Stress (kPa) 600  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
6.66  
fs (MPa) max 1.473  
z (mm) max 15.1  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm)   





Table C31 Cont. CNS direct shear test information and data 
 


































C32: Test CNS32 
 
 
Test No.: MJR151 
Database ID No.: CNS32 
Original Reference: Seidel (1993) 
 
Table C32 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 433  
Initial Normal Stress (kPa) 292  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Regular profile 
Asperity height (mm) 7.5  
Interface dilation angle 
(degree) 
13  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.041  
z (mm) peak 14.6  
fs (MPa) ultimate 0.486  
z (mm) ultimate 31.8  
Normal stress at peak, σn,p 
(kPa) 
1290.14  
Normal stress at ultimate, σn,u 
(kPa) 
965.3  
Dilation at peak, Vp (mm) 3.2  





Table C32 Cont. CNS direct shear test information and data 
 
 








































C33: Test CNS33 
 
 
Test No.: MJR171 
Database ID No.: CNS33 
Original Reference: Seidel (1993) 
 
Table C33 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 630.6  
Initial Normal Stress (kPa) 288  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 17.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.5  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.347  
z (mm) peak 17.4  
fs (MPa) ultimate 0.703  
z (mm) ultimate 24.7  
Normal stress at peak, σn,p 
(kPa) 
1578.4  
Normal stress at ultimate, σn,u 
(kPa) 
1339.4  
Dilation at peak, Vp (mm) 4.25  





Table C33 Cont. CNS direct shear test information and data 
 







































C34: Test CNS34 
 
 
Test No.: MJR221 
Database ID No.: CNS34 
Original Reference: Seidel (1993) 
 
Table C34 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 285  
Initial Slope (kPa/mm) 952  
Initial Normal Stress (kPa) 333  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
2.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.993  
z (mm) peak 3.25  
fs (MPa) ultimate 0.759  
z (mm) ultimate 29.8  
Normal stress at peak, σn,p 
(kPa) 
344.78  
Normal stress at ultimate, σn,u 
(kPa) 
955.5  
Dilation at peak, Vp (mm) 0.15  





Table C34 Cont. CNS direct shear test information and data 
 



































C35: Test CNS35 
 
 
Test No.: MJR222 
Database ID No.: CNS35 
Original Reference: Seidel (1993) 
 
Table C35 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 285  
Initial Slope (kPa/mm) 632.16  
Initial Normal Stress (kPa) 334  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
13.4  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.256  
z (mm) peak 10.67  
fs (MPa) ultimate 0.408  
z (mm) ultimate 34.97  
Normal stress at peak, σn,p 
(kPa) 
1.233  
Normal stress at ultimate, σn,u 
(kPa) 
0.615  
Dilation at peak, Vp (mm) 3.2  





Table C35 Cont. CNS direct shear test information and data 
 































Table C35 Cont. CNS direct shear test information and data 
 
















C36: Test CNS36 
 
 
Test No.: MJR223 
Database ID No.: CNS36 
Original Reference: Seidel (1993) 
 
Table C36 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 355.8  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
8.8  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.811  
z (mm) peak 11.9  
fs (MPa) ultimate 0.208  
z (mm) ultimate 30.2  
Normal stress at peak, σn,p 
(kPa) 
768.26  
Normal stress at ultimate, σn,u 
(kPa) 
493.2  
Dilation at peak, Vp (mm) 4  





Table C36 Cont. CNS direct shear test information and data 
 






























Table C36 Cont. CNS direct shear test information and data 
 














C37: Test CNS37 
 
 
Test No.: MJR224 
Database ID No.: CNS37 
Original Reference: Seidel (1993) 
 
Table C37 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johstone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 412.62  
Initial Normal Stress (kPa) 600  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
9.5  
fs (MPa) max 1.444  
z (mm) max 3.5  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm)   





Table C37 Cont. CNS direct shear test information and data 
 

























C38: Test CNS38 
 
 
Test No.: MJR271 
Database ID No.: CNS38 
Original Reference: Seidel (1993) 
 
Table C38 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 768  
Initial Normal Stress (kPa) 288  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 27.5 Regular profile 
Asperity height (mm) 11.5  
Interface dilation angle 
(degree) 
15.6  
fs (MPa) max 1.496  
z (mm) max 6.8  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm)   





Table C38 Cont. CNS direct shear test information and data 
 




























C39: Test CNS39 
 
 
Test No.: MJI121 
Database ID No.: CNS39 
Original Reference: Seidel (1993) 
 
Table C39 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 309  
Initial Slope (kPa/mm) 574.4  
Initial Normal Stress (kPa) 334  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
12  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.642  
z (mm) peak 12.2  
fs (MPa) ultimate 0.527  
z (mm) ultimate 40  
Normal stress at peak, σn,p 
(kPa) 
892.5  
Normal stress at ultimate, σn,u 
(kPa) 
941  
Dilation at peak, Vp (mm) 1.9  





Table C39 Cont. CNS direct shear test information and data 
 





































C40: Test CNS40 
 
 
Test No.: MJI122 
Database ID No.: CNS40 
Original Reference: Seidel (1993) 
 
Table C40 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 266.4  
Initial Normal Stress (kPa) 155  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 5.5  
Interface dilation angle 
(degree) 
10  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.353  
z (mm) peak 11.8  
fs (MPa) ultimate 0.296  
z (mm) ultimate 41.6  
Normal stress at peak, σn,p 
(kPa) 
538.5  
Normal stress at ultimate, σn,u 
(kPa) 
584.3  
Dilation at peak, Vp (mm) 2.48  





Table C40 Cont. CNS direct shear test information and data 
 





































C41: Test CNS41 
 
 
Test No.: MJI221 
Database ID No.: CNS241 
Original Reference: Seidel (1993) 
 
Table C41 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 93  
Initial Slope (kPa/mm) 1299.44  
Initial Normal Stress (kPa) 169  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
2.44  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.001  
z (mm) peak 3.9  
fs (MPa) ultimate 0.442  
z (mm) ultimate 10.1  
Normal stress at peak, σn,p 
(kPa) 
162.5  
Normal stress at ultimate, σn,u 
(kPa) 
335.2  
Dilation at peak, Vp (mm) 0  





Table C41 Cont. CNS direct shear test information and data 
 






























C42: Test CNS42 
 
 
Test No.: MJI222 
Database ID No.: CNS42 
Original Reference: Seidel (1993) 
 
Table C42 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 294  
Initial Slope (kPa/mm) 896.75  
Initial Normal Stress (kPa) 284  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
16.38  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.912  
z (mm) peak 14.7  
fs (MPa) ultimate 0.5  
z (mm) ultimate 38.4  
Normal stress at peak, σn,p 
(kPa) 
1193.8  
Normal stress at ultimate, σn,u 
(kPa) 
789.5  
Dilation at peak, Vp (mm) 3  





Table C42 Cont. CNS direct shear test information and data 
 






























Table C42 Cont. CNS direct shear test information and data 
 
















C43: Test CNS43 
 
 
Test No.: MJI223 
Database ID No.: CNS43 
Original Reference: Seidel (1993) 
 
Table C43 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 918  
Initial Normal Stress (kPa) 153  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 10.5  
Interface dilation angle 
(degree) 
21.8  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.564  
z (mm) peak 8  
fs (MPa) ultimate 0.276  
z (mm) ultimate 37.7  
Normal stress at peak, σn,p 
(kPa) 
423  
Normal stress at ultimate, σn,u 
(kPa) 
570.6  
Dilation at peak, Vp (mm) 2.89  





Table C43 Cont. CNS direct shear test information and data 
 


































Table C43 Cont. CNS direct shear test information and data 
 
















C44: Test CNS44 
 
 
Test No.: MJS121 
Database ID No.: CNS44 
Original Reference: Seidel (1993) 
 
Table C44 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 90  
Initial Slope (kPa/mm) 22.87  
Initial Normal Stress (kPa) 33  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 25  
Interface dilation angle 
(degree) 
5.2  
fs (MPa) max 0.25  
z (mm) max 14.97  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm)   





Table C44 Cont. CNS direct shear test information and data 
 
 





























C45: Test CNS45 
 
 
Test No.: MJS122 
Database ID No.: CNS45 
Original Reference: Seidel (1993) 
 
Table C45 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 353.4  
Initial Normal Stress (kPa) 352  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 25  
Interface dilation angle 
(degree) 
4.62  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.22  
z (mm) peak 28  
fs (MPa) ultimate 0.95  
z (mm) ultimate 32.5  
Normal stress at peak, σn,p 
(kPa) 
1460.2  
Normal stress at ultimate, σn,u 
(kPa) 
1416.9  
Dilation at peak, Vp (mm) 3.65  





Table C45 Cont. CNS direct shear test information and data 
 
 


































C46: Test CNS46 
 
 
Test No.: MJS123 
Database ID No.: CNS46 
Original Reference: Seidel (1993) 
 
Table C46 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 213  
Initial Slope (kPa/mm) 53.06  
Initial Normal Stress (kPa) 163  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 25  
Interface dilation angle 
(degree) 
11.9  
fs (MPa) max 0.803  
z (mm) max 22  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm)   





Table C46 Cont. CNS direct shear test information and data 
 






























C47: Test CNS47 
 
 
Test No.: MJP1 
Database ID No.: CNS47 
Original Reference: Seidel (1993) 
 
Table C47 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 183.85  
Initial Normal Stress (kPa) 306  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
N/A  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.161  
z (mm) peak 4.7  
fs (MPa) ultimate 0.142  
z (mm) ultimate 30.2  
Normal stress at peak, σn,p 
(kPa) 
297.7  
Normal stress at ultimate, σn,u 
(kPa) 
297.7  
Dilation at peak, Vp (mm) -0.11  





Table C47 Cont. CNS direct shear test information and data 
 




























C48: Test CNS48 
 
 
Test No.: MJP2 
Database ID No.: CNS48 
Original Reference: Seidel (1993) 
 
Table C48 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 252.42  
Initial Normal Stress (kPa) 306  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree)   
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.156  
z (mm) peak 0.62  
fs (MPa) ultimate 0.165  
z (mm) ultimate 10.04  
Normal stress at peak, σn,p 
(kPa) 
305.5  
Normal stress at ultimate, σn,u 
(kPa) 
300.6  
Dilation at peak, Vp (mm)   





Table C48 Cont. CNS direct shear test information and data 
 























C49: Test CNS49 
 
 
Test No.: MJP3 
Database ID No.: CNS49 
Original Reference: Seidel (1993) 
 
Table C49 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 731.4  
Initial Normal Stress (kPa) 1100  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar profile 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
0  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.614  
z (mm) peak 0.84  
fs (MPa) ultimate 0.52  
z (mm) ultimate 24.8  
Normal stress at peak, σn,p 
(kPa) 
1059.6  
Normal stress at ultimate, σn,u 
(kPa) 
1011.2  
Dilation at peak, Vp (mm) -0.09  





Table C49 Cont. CNS direct shear test information and data 
 



























C50: Test CNS50 
 
 
Test No.: MJP4 
Database ID No.: CNS50 
Original Reference: Seidel (1993) 
 
Table C50 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 920.27  
Initial Normal Stress (kPa) 1513  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar profile 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
0  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.915  
z (mm) peak 2.1  
fs (MPa) ultimate 0.739  
z (mm) ultimate 24.9  
Normal stress at peak, σn,p 
(kPa) 
1451.9  
Normal stress at ultimate, σn,u 
(kPa) 
1451.9  
Dilation at peak, Vp (mm) -0.14  





Table C50 Cont. CNS direct shear test information and data 
 






























C51: Test CNS51 
 
 
Test No.: MJFA1C1 
Database ID No.: CNS51 
Original Reference: Seidel (1993) 
 
Table C51 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 344  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2.03 +/- 2.53 Fractal: A1, chord length = 16 
mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
2.86  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.255  
z (mm) peak 8  
fs (MPa) ultimate 0.242  
z (mm) ultimate 39.6  
Normal stress at peak, σn,p 
(kPa) 
398  
Normal stress at ultimate, σn,u 
(kPa) 
502  
Dilation at peak, Vp (mm) 0.32  





Table C51 Cont. CNS direct shear test information and data 
 































C52: Test CNS52 
 
 
Test No.: MJFA1C2 
Database ID No.: CNS52 
Original Reference: Seidel (1993) 
 
Table C52 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 900  
Initial Slope (kPa/mm) 188.2  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20.03 +/- 2.53 A1, Fractal profile, Chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
2.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.378  
z (mm) peak 18  
fs (MPa) ultimate 0.319  
z (mm) ultimate 39.6  
Normal stress at peak, σn,p 
(kPa) 
696.4  
Normal stress at ultimate, σn,u 
(kPa) 
641.6  
Dilation at peak, Vp (mm) 0.42  





Table C52 Cont. CNS direct shear test information and data 
 



































C53: Test CNS53 
 
 
Test No.: MJFA1C3 
Database ID No.: CNS53 
Original Reference: Seidel (1993) 
 
Table C53 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 983.25  
Initial Normal Stress (kPa) 900  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree)   
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2.03 +/- 2.53 A1, Fractal profile, Chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.575  
z (mm) peak 4.8  
fs (MPa) ultimate 0.504  
z (mm) ultimate 30.2  
Normal stress at peak, σn,p 
(kPa) 
933.4  
Normal stress at ultimate, σn,u 
(kPa) 
959.9  
Dilation at peak, Vp (mm) 0.04  





Table C53 Cont. CNS direct shear test information and data 
 



































C54: Test CNS54 
 
 
Test No.: MJFB1F1 
Database ID No.: CNS54 
Original Reference: Seidel (1993) 
 
Table C54 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 567.36  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5.05 +/- 13.66 B1, Fractal profile, Chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
12.43  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.435  
z (mm) peak 7.1  
fs (MPa) ultimate 0.427  
z (mm) ultimate 40  
Normal stress at peak, σn,p 
(kPa) 
688.8  
Normal stress at ultimate, σn,u 
(kPa) 
736.8  
Dilation at peak, Vp (mm) 1.2  





Table C54 Cont. CNS direct shear test information and data 
 






































C55: Test CNS55 
 
 
Test No.: MJFB1C1 
Database ID No.: CNS55 
Original Reference: Seidel (1993) 
 
Table C55 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 254.2  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5.05 +/- 6.29 B1, Fractal profile, Chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
6.11  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.341  
z (mm) peak 4  
fs (MPa) ultimate 0.329  
z (mm) ultimate 30.6  
Normal stress at peak, σn,p 
(kPa) 
414.25  
Normal stress at ultimate, σn,u 
(kPa) 
631.5  
Dilation at peak, Vp (mm) 0.3  





Table C55 Cont. CNS direct shear test information and data 
 





































C56: Test CNS56 
 
 
Test No.: MJFB2C1 
Database ID No.: CNS56 
Original Reference: Seidel (1996) 
 
Table C56 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 428.33  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5.05 +/- 6.29 B2, fractal profile, chorld 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
5.42  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.369  
z (mm) peak 3.5  
fs (MPa) ultimate 0.415  
z (mm) ultimate 40  
Normal stress at peak, σn,p 
(kPa) 
458.9  
Normal stress at ultimate, σn,u 
(kPa) 
709.4  
Dilation at peak, Vp (mm) 0.19  





Table C56 Cont. CNS direct shear test information and data 
 

































C57: Test CNS57 
 
 
Test No.: MJFB3C1 
Database ID No.: CNS57 
Original Reference: Seidel (1993) 
 
Table C57 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 244.2  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5.05 +/-6.29 B3, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
3.5  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.408  
z (mm) peak 6.1  
fs (MPa) ultimate 0.437  
z (mm) ultimate 36  
Normal stress at peak, σn,p 
(kPa) 
483  
Normal stress at ultimate, σn,u 
(kPa) 
714.6  
Dilation at peak, Vp (mm) 0.64  





Table C57 Cont. CNS direct shear test information and data 
 







































C58: Test CNS58 
 
 
Test No.: MJFC1F1 
Database ID No.: CNS58 
Original Reference: Seidel (1993) 
 
Table C58 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 871.3  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 20.58 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
14.3  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.505  
z (mm) peak 3.7  
fs (MPa) ultimate 0.502  
z (mm) ultimate 39.8  
Normal stress at peak, σn,p 
(kPa) 
484.3  
Normal stress at ultimate, σn,u 
(kPa) 
831.7  
Dilation at peak, Vp (mm) 0.51  





Table C58 Cont. CNS direct shear test information and data 
 





































C59: Test CNS59 
 
 
Test No.: MJFC1M1 
Database ID No.: CNS59 
Original Reference: Seidel (1993) 
 
Table C59 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 428.3  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 16.78 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
9.46  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.482  
z (mm) peak 4.9  
fs (MPa) ultimate 0.474  
z (mm) ultimate 40.1  
Normal stress at peak, σn,p 
(kPa) 
457.3  
Normal stress at ultimate, σn,u 
(kPa) 
838.5  
Dilation at peak, Vp (mm) 0.74  





Table C59 Cont. CNS direct shear test information and data 
 





































C60: Test CNS60 
 
 
Test No.: MJFC1C1 
Database ID No.: CNS60 
Original Reference: Seidel (1993) 
 
Table C60 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 582.6  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 
Asperity height (mm)   
Interface dilation angle 
(degree) 
2.88  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.408  
z (mm) peak 3.12  
fs (MPa) ultimate 0.474  
z (mm) ultimate 39.7  
Normal stress at peak, σn,p 
(kPa) 
399.4  
Normal stress at ultimate, σn,u 
(kPa) 
773.4  
Dilation at peak, Vp (mm) 0.44  





Table C60 Cont. CNS direct shear test information and data 
 



































C61: Test CNS61 
 
 
Test No.: MJFC1C2 
Database ID No.: CNS61 
Original Reference: Seidel (1993) 
 
Table C61 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 900  
Initial Slope (kPa/mm) 788.23  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
4.93  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.721  
z (mm) peak 6.57  
fs (MPa) ultimate 0.704  
z (mm) ultimate 29.8  
Normal stress at peak, σn,p 
(kPa) 
876.3  
Normal stress at ultimate, σn,u 
(kPa) 
1127.02  
Dilation at peak, Vp (mm) 0.57  





Table C61 Cont. CNS direct shear test information and data 
 
 






































C62: Test CNS62 
 
 
Test No.: MJFC1C3 
Database ID No.: CNS62 
Original Reference: Seidel (1993) 
 
Table C62 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 620.4  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
6.27  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.381  
z (mm) peak 1.44  
fs (MPa) ultimate 0.363  
z (mm) ultimate 30.2  
Normal stress at peak, σn,p 
(kPa) 
329.7  
Normal stress at ultimate, σn,u 
(kPa) 
556  
Dilation at peak, Vp (mm) 0.11  





Table C62 Cont. CNS direct shear test information and data 
 





































C63: Test CNS63 
 
 
Test No.: MJFC1C4 
Database ID No.: CNS63 
Original Reference: Seidel (1993) 
 
Table C63 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 750.52  
Initial Normal Stress (kPa) 600  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
3.54  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.798  
z (mm) peak 8.5  
fs (MPa) ultimate 0.704  
z (mm) ultimate 29.6  
Normal stress at peak, σn,p 
(kPa) 
1096.3  
Normal stress at ultimate, σn,u 
(kPa) 
1154.6  
Dilation at peak, Vp (mm) 0.76  





Table C63 Cont. CNS direct shear test information and data 
 





























Table C63 Cont. CNS direct shear test information and data 
 

















C64: Test CNS64 
 
 
Test No.: MJFC1C5 
Database ID No.: CNS64 
Original Reference: Seidel (1993) 
 
Table C64 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 283.07  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
10.16  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.298  
z (mm) peak 4.62  
fs (MPa) ultimate 0.295  
z (mm) ultimate 30  
Normal stress at peak, σn,p 
(kPa) 
269  
Normal stress at ultimate, σn,u 
(kPa) 
482.2  
Dilation at peak, Vp (mm) 0.87  





Table C64 Cont. CNS direct shear test information and data 
 


































C65: Test CNS65 
 
 
Test No.: MJFD1F1 
Database ID No.: CNS65 
Original Reference: Seidel (1993) 
 
Table C65 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 484.6  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 29.11 D1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
12.8  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.662  
z (mm) peak 6  
fs (MPa) ultimate 0.683  
z (mm) ultimate 39.9  
Normal stress at peak, σn,p 
(kPa) 
739.4  
Normal stress at ultimate, σn,u 
(kPa) 
1060.4  
Dilation at peak, Vp (mm) 1.27  





Table C65 Cont. CNS direct shear test information and data 
 




























Table C65 Cont. CNS direct shear test information and data 
 















C66: Test CNS66 
 
 
Test No.: MJFD1C1 
Database ID No.: CNS66 
Original Reference: Seidel (1993) 
 
Table C66 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 746.59  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42+/-15.26 D1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
13.13  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.59  
z (mm) peak 3.45  
fs (MPa) ultimate 0.723  
z (mm) ultimate 34.9  
Normal stress at peak, σn,p 
(kPa) 
624.3  
Normal stress at ultimate, σn,u 
(kPa) 
1099.86  
Dilation at peak, Vp (mm) 0.87  





Table C66 Cont. CNS direct shear test information and data 
 








































C67: Test CNS67 
 
 
Test No.: MJFD2C1 
Database ID No.: CNS67 
Original Reference: Seidel (1993) 
 
Table C67 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 507.06  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 15.26 D2, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
9.38  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.549  
z (mm) peak 7.6  
fs (MPa) ultimate 0.415  
z (mm) ultimate 39.9  
Normal stress at peak, σn,p 
(kPa) 
577.4  
Normal stress at ultimate, σn,u 
(kPa) 
660.9  
Dilation at peak, Vp (mm) 1.03  





Table C67 Cont. CNS direct shear test information and data 
 





























Table C67 Cont. CNS direct shear test information and data 
 

















C68: Test CNS68 
 
 
Test No.: MJFD3C1 
Database ID No.: CNS68 
Original Reference: Seidel (1993) 
 
Table C68 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 396.9  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 15.26 D3, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
7.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.594  
z (mm) peak 6.33  
fs (MPa) ultimate 0.378  
z (mm) ultimate 35.4  
Normal stress at peak, σn,p 
(kPa) 
553.2  
Normal stress at ultimate, σn,u 
(kPa) 
602.6  
Dilation at peak, Vp (mm) 0.95  





Table C68 Cont. CNS direct shear test information and data 
 









































C69: Test CNS69 
 
 
Test No.: MJFE1C1 
Database ID No.: CNS69  
Original Reference: Seidel (1993) 
 
Table C69 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 668.69  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 41  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 21.72 +/- 25.98 E1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
9.46  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.796  
z (mm) peak 15.3  
fs (MPa) ultimate 0.733  
z (mm) ultimate 40.2  
Normal stress at peak, σn,p 
(kPa) 
948.6  
Normal stress at ultimate, σn,u 
(kPa) 
1086.8  
Dilation at peak, Vp (mm) 2.1  





Table C69 Cont. CNS direct shear test information and data 
 































Table C69 Cont. CNS direct shear test information and data 
 















C70: Test CNS70 
 
 
Test No.: MLR51 
Database ID No.: CNS70 
Original Reference: Seidel (1993) 
 
Table C70 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 887.14  
Initial Normal Stress (kPa) 601  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular profile 
Asperity height (mm) 3.8  
Interface dilation angle 
(degree) 
3.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.043  
z (mm) peak 19  
fs (MPa) ultimate 0.815  
z (mm) ultimate 48.9  
Normal stress at peak, σn,p 
(kPa) 
1176.2  
Normal stress at ultimate, σn,u 
(kPa) 
1022.99  
Dilation at peak, Vp (mm) 1  





Table C70 Cont. CNS direct shear test information and data 
 







































C71: Test CNS71 
 
 
Test No.: MLR101 
Database ID No.: CNS71 
Original Reference: Seidel (1993) 
 
Table C71 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 565  
Initial Normal Stress (kPa) 310  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular profile 
Asperity height (mm)   
Interface dilation angle 
(degree) 
5.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.897  
z (mm) peak 19.8  
fs (MPa) ultimate 0.684  
z (mm) ultimate 37.3  
Normal stress at peak, σn,p 
(kPa) 
915  
Normal stress at ultimate, σn,u 
(kPa) 
859.5  
Dilation at peak, Vp (mm) 2.01  





Table C71 Cont. CNS direct shear test information and data 
 





































C72: Test CNS72 
 
 
Test No.: MLR121 
Database ID No.: CNS72 
Original Reference: Seidel (1993) 
 
Table C72 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 552  
Initial Normal Stress (kPa) 303  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
3.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.934  
z (mm) peak 15.5  
fs (MPa) ultimate 0.569  
z (mm) ultimate 32.77  
Normal stress at peak, σn,p 
(kPa) 
878  
Normal stress at ultimate, σn,u 
(kPa) 
791.7  
Dilation at peak, Vp (mm) 1.95  





Table C72 Cont. CNS direct shear test information and data 
 







































C73: Test CNS73 
 
 
Test No.: MLR122 
Database ID No.: CNS73 
Original Reference: Seidel (1993) 
 
Table C73 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 933.3  
Initial Normal Stress (kPa) 314  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
7.72  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.961  
z (mm) peak 11.7  
fs (MPa) ultimate 0.51  
z (mm) ultimate 36.6  
Normal stress at peak, σn,p 
(kPa) 
892.3  
Normal stress at ultimate, σn,u 
(kPa) 
755.1  
Dilation at peak, Vp (mm) 1.44  





Table C73 Cont. CNS direct shear test information and data 
 








































C74: Test CNS74 
 
 
Test No.: MLR123 
Database ID No.: CNS74 
Original Reference: Seidel (1993) 
 
Table C74 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 1481.25  
Initial Normal Stress (kPa) 316  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
4.16  
fs (MPa) max 0.654  
z (mm) max 3.22  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm)   





Table C74 Cont. CNS direct shear test information and data 
 





















C75: Test CNS75 
 
 
Test No.: MLR124 
Database ID No.: CNS75 
Original Reference: Seidel (1993) 
 
Table C75 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 772.36  
Initial Normal Stress (kPa) 613  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
3.92  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.377  
z (mm) peak 8.9  
fs (MPa) ultimate 0.629  
z (mm) ultimate 36.3  
Normal stress at peak, σn,p 
(kPa) 
1115.3  
Normal stress at ultimate, σn,u 
(kPa) 
918.4  
Dilation at peak, Vp (mm) 0.95  





Table C75 Cont. CNS direct shear test information and data 
 






































C76: Test CNS76 
 
 
Test No.: MLR125 
Database ID No.: CNS76 
Original Reference: Seidel (1993) 
 
Table C76 CNS direct shear test information and data 
 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 271.12  
Initial Normal Stress (kPa) 157  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
9.8  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.686  
z (mm) peak 16.5  
fs (MPa) ultimate 0.382  
z (mm) ultimate 36.9  
Normal stress at peak, σn,p 
(kPa) 
615.9  
Normal stress at ultimate, σn,u 
(kPa) 
530.3  
Dilation at peak, Vp (mm) 3.2  





Table C76 Cont. CNS direct shear test information and data 
 



































C77: Test CNS77 
 
 
Test No.: MLR171 
Database ID No.: CNS77 
Original Reference: Seidel (1993) 
 
Table C77 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 581.2  
Initial Normal Stress (kPa) 308  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 17.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.118  
z (mm) peak 11.6  
fs (MPa) ultimate 0.584  
z (mm) ultimate 35.6  
Normal stress at peak, σn,p 
(kPa) 
899.7  
Normal stress at ultimate, σn,u 
(kPa) 
801  
Dilation at peak, Vp (mm) 1.8  





Table C77 Cont. CNS direct shear test information and data 
 








































C78: Test CNS78 
 
 
Test No.: MLR221 
Database ID No.: CNS78 
Original Reference: Seidel (1993) 
 
Table C78 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 1039.35  
Initial Normal Stress (kPa) 306  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.3  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.128  
z (mm) peak 6.2  
fs (MPa) ultimate 0.411  
z (mm) ultimate 34.9  
Normal stress at peak, σn,p 
(kPa) 
770.1  
Normal stress at ultimate, σn,u 
(kPa) 
527.1  
Dilation at peak, Vp (mm) 1.5  





Table C78 Cont. CNS direct shear test information and data 
 
































Table C78 Cont. CNS direct shear test information and data 
 

















C79: Test CNS79 
 
 
Test No.: MLR222 
Database ID No.: CNS79 
Original Reference: Seidel (1993) 
 
Table C79 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 893.8  
Initial Normal Stress (kPa) 604  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
2.53  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.117  
z (mm) peak 7  
fs (MPa) ultimate 0.39  
z (mm) ultimate 35.1  
Normal stress at peak, σn,p 
(kPa) 
858.1  
Normal stress at ultimate, σn,u 
(kPa) 
503.6  
Dilation at peak, Vp (mm) 0.48  





Table C79 Cont. CNS direct shear test information and data 
 






























Table C79 Cont. CNS direct shear test information and data 
 
















C80: Test CNS80 
 
 
Test No.: MLR223 
Database ID No.: CNS80 
Original Reference: Seidel (1993) 
 
Table C80 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 443.4  
Initial Normal Stress (kPa) 108  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
15.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.134  
z (mm) peak 11.7  
fs (MPa) ultimate 0.214  
z (mm) ultimate 39.8  
Normal stress at peak, σn,p 
(kPa) 
734  
Normal stress at ultimate, σn,u 
(kPa) 
491.9  
Dilation at peak, Vp (mm) 3.8  





Table C80 Cont. CNS direct shear test information and data 
 




































Table C80 Cont. CNS direct shear test information and data 
 


















C81: Test CNS81 
 
 
Test No.: MLR224 
Database ID No.: CNS81 
Original Reference: Seidel (1993) 
 
Table C81 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 558.9  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
3.86  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.134  
z (mm) peak 10.3  
fs (MPa) ultimate 1.035  
z (mm) ultimate 13.6  
Normal stress at peak, σn,p 
(kPa) 
844.9  
Normal stress at ultimate, σn,u 
(kPa) 
951.4  
Dilation at peak, Vp (mm) 1.82  





Table C81 Cont. CNS direct shear test information and data 
 






























C82: Test CNS82 
 
 
Test No.: MLR271 
Database ID No.: CNS82 
Original Reference: Seidel (1993) 
 
Table C82 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 784  
Initial Normal Stress (kPa) 303  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 27.5 Regular profile 
Asperity height (mm) 13  
Interface dilation angle 
(degree) 
14.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.503  
z (mm) peak 7.3  
fs (MPa) ultimate 0.514  
z (mm) ultimate 35.2  
Normal stress at peak, σn,p 
(kPa) 
881.3  
Normal stress at ultimate, σn,u 
(kPa) 
706  
Dilation at peak, Vp (mm) 1.9  





Table C82 Cont. CNS direct shear test information and data 
 






























Table C82 Cont. CNS direct shear test information and data 
 
















C83: Test CNS83 
 
 
Test No.: MLI121 
Database ID No.: CNS83 
Original Reference: Seidel (1993) 
 
Table C83 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 731.4  
Initial Normal Stress (kPa) 303  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 5.5  
Interface dilation angle 
(degree) 
5  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.851  
z (mm) peak 22.7  
fs (MPa) ultimate 0.513  
z (mm) ultimate 48.1  
Normal stress at peak, σn,p 
(kPa) 
939.9  
Normal stress at ultimate, σn,u 
(kPa) 
667.7  
Dilation at peak, Vp (mm) 2.09  





Table C83 Cont. CNS direct shear test information and data 
 




































Table C83 Cont. CNS direct shear test information and data 
 



















C84: Test CNS84 
 
 
Test No.: MLI122 
Database ID No.: CNS84 
Original Reference: Seidel (1993) 
 
Table C84 Cont. CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 245.3  
Initial Normal Stress (kPa) 155  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 5.5  
Interface dilation angle 
(degree) 
7.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.457  
z (mm) peak 23.2  
fs (MPa) ultimate 0.306  
z (mm) ultimate 45.1  
Normal stress at peak, σn,p 
(kPa) 
474.15  
Normal stress at ultimate, σn,u 
(kPa) 
420.6  
Dilation at peak, Vp (mm) 2.3  





Table C84 Cont. CNS direct shear test information and data 
 






































C85: Test CNS85 
 
 
Test No.: MLI123 
Database ID No.: CNS85 
Original Reference: Seidel (1993) 
 
Table C85 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 296.8  
Initial Normal Stress (kPa) 157  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 5.5  
Interface dilation angle 
(degree) 
11.63  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.573  
z (mm) peak 25.3  
fs (MPa) ultimate 0.418  
z (mm) ultimate 40.55  
Normal stress at peak, σn,p 
(kPa) 
599.51  
Normal stress at ultimate, σn,u 
(kPa) 
540.6  
Dilation at peak, Vp (mm) 2.8  





Table C85 Cont. CNS direct shear test information and data 
 





































C86: Test CNS86 
 
 
Test No.: MLI221 
Database ID No.: CNS86 
Original Reference: Seidel (1993) 
 
Table C86 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 513.9  
Initial Normal Stress (kPa) 304  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 10.5  
Interface dilation angle 
(degree) 
3.05  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.063  
z (mm) peak 15.22  
fs (MPa) ultimate 0.448  
z (mm) ultimate 48.3  
Normal stress at peak, σn,p 
(kPa) 
957.9  
Normal stress at ultimate, σn,u 
(kPa) 
640.8  
Dilation at peak, Vp (mm) 2.08  





Table C86 Cont. CNS direct shear test information and data 
 
 


































Table C86 Cont. CNS direct shear test information and data 
 


















C87: Test CNS87 
 
 
Test No.: MLI222 
Database ID No.: CNS87 
Original Reference: Seidel (1993) 
 
Table C87 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 805  
Initial Normal Stress (kPa) 307  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
9.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.167  
z (mm) peak 11.9  
fs (MPa) ultimate 0.473  
z (mm) ultimate 39.6  
Normal stress at peak, σn,p 
(kPa) 
993.5  
Normal stress at ultimate, σn,u 
(kPa) 
709.9  
Dilation at peak, Vp (mm) 2.2  





Table C87 Cont. CNS direct shear test information and data 
 
































Table C87 Cont. CNS direct shear test information and data 
 
 
















C88: Test CNS88 
 
 
Test No.: MLI223 
Database ID No.: CNS88 
Original Reference: Seidel (1993) 
 
Table C88 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 410.2  
Initial Normal Stress (kPa) 160  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
14.85  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.828  
z (mm) peak 17.2  
fs (MPa) ultimate 0.405  
z (mm) ultimate 39.9  
Normal stress at peak, σn,p 
(kPa) 
726.9  
Normal stress at ultimate, σn,u 
(kPa) 
623.4  
Dilation at peak, Vp (mm) 3.9  





Table C88 Cont. CNS direct shear test information and data 
 






























Table C88 Cont. CNS direct shear test information and data 
 
















C89: Test CNS89 
 
 
Test No.: MLP1 
Database ID No.: CNS89 
Original Reference: Seidel (1993) 
 
Table C89 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 502  
Initial Normal Stress (kPa) 1206  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar profile 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
0  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.914  
z (mm) peak 5.4  
fs (MPa) ultimate 0.892  
z (mm) ultimate 25.12  
Normal stress at peak, σn,p 
(kPa) 
1198.4  
Normal stress at ultimate, σn,u 
(kPa) 
1205.3  
Dilation at peak, Vp (mm) -0.11  





Table C89 Cont. CNS direct shear test information and data 
 

























C90: Test CNS90 
 
 
Test No.: MLP2 
Database ID No.: CNS90 
Original Reference: Seidel (1993) 
 
Table C90 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 417.75  
Initial Normal Stress (kPa) 304  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar profile 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
0  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.229  
z (mm) peak 0.82  
fs (MPa) ultimate 0.205  
z (mm) ultimate 20.2  
Normal stress at peak, σn,p 
(kPa) 
304.4  
Normal stress at ultimate, σn,u 
(kPa) 
308.8  
Dilation at peak, Vp (mm) -0.046  





Table C90 Cont. CNS direct shear test information and data 
 



























C91: Test CNS91 
 
 
Test No.: MLP3 
Database ID No.: CNS91 
Original Reference: Seidel (1993) 
 
Table C91 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 5782.5  
Initial Normal Stress (kPa) 4823  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar profile 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
0  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.052  
z (mm) peak 1.06  
fs (MPa) ultimate 1.763  
z (mm) ultimate 5.6  
Normal stress at peak, σn,p 
(kPa) 
4800  
Normal stress at ultimate, σn,u 
(kPa) 
4777.8  
Dilation at peak, Vp (mm) -0.22  





Table C91 Cont. CNS direct shear test information and data 
 

























C92: Test CNS92 
 
 
Test No.: MLP4 
Database ID No.: CNS92 
Original Reference: Seidel (1992) 
 
Table C92 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 2065  
Initial Normal Stress (kPa) 2408  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar profile 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
0  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.808  
z (mm) peak 4.9  
fs (MPa) ultimate 1.811  
z (mm) ultimate 16.7  
Normal stress at peak, σn,p 
(kPa) 
2375.4  
Normal stress at ultimate, σn,u 
(kPa) 
2375.4  
Dilation at peak, Vp (mm) -0.36  





Table C92 Cont. CNS direct shear test information and data 
 


























C93: Test CNS93 
 
 
Test No.: MPL5 
Database ID No.: CNS93 
Original Reference: Seidel (1993) 
 
Table C93 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 431.47  
Initial Normal Stress (kPa) 1800  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 0 Planar profile 
Asperity height (mm) 0  
Interface dilation angle 
(degree) 
0  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.225  
z (mm) peak 2.84  
fs (MPa) ultimate 1.236  
z (mm) ultimate 14.67  
Normal stress at peak, σn,p 
(kPa) 
1802.3  
Normal stress at ultimate, σn,u 
(kPa) 
1802.3  
Dilation at peak, Vp (mm) -0.09  





Table C93 Cont. CNS direct shear test information and data 
 





















C94: Test CNS94 
 
 
Test No.: MLFA1C1 
Database ID No.: CNS94 
Original Reference: Seidel (1993) 
 
Table C94 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 324.32  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2.03 +/- 2.53 Fractal profile, chord length = 
16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
2.41  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.426  
z (mm) peak 10.4  
fs (MPa) ultimate 0.397  
z (mm) ultimate 38.11  
Normal stress at peak, σn,p 
(kPa) 
442.9  
Normal stress at ultimate, σn,u 
(kPa) 
476.7  
Dilation at peak, Vp (mm) 0.45  





Table C94 Cont. CNS direct shear test information and data 
 


































C95: Test CNS95 
 
 
Test No.: MLFA1C2 
Database ID No.: CNS95 
Original Reference: Seidel (1993) 
 
Table C95 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 900  
Initial Slope (kPa/mm) 319.6  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 2.03 +/- 2.53 Fractal profile, chord length = 
16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
1.18  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.508  
z (mm) peak 20.5  
fs (MPa) ultimate 0.459  
z (mm) ultimate 38.1  
Normal stress at peak, σn,p 
(kPa) 
570.1  
Normal stress at ultimate, σn,u 
(kPa) 
611.2  
Dilation at peak, Vp (mm) 0.35  





Table C95 Cont. CNS direct shear test information and data 
 


































C96: Test CNS96 
 
 
Test No.: MLFB1C1 
Database ID No.: CNS96 
Original Reference: Seidel (1993) 
 
Table C96 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 949.64  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5.05 +/- 6.29 B1, Fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
4  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.485  
z (mm) peak 7.4  
fs (MPa) ultimate 0.372  
z (mm) ultimate 40.05  
Normal stress at peak, σn,p 
(kPa) 
461.4  
Normal stress at ultimate, σn,u 
(kPa) 
460  
Dilation at peak, Vp (mm) 0.55  





Table C96 Cont. CNS direct shear test information and data 
 



























Table C96 Cont. CNS direct shear test information and data 
 















C97: Test CNS97 
 
 
Test No.: MLFB2C1 
Database ID No.: CNS97 
Original Reference: Seidel (1993) 
 
Table C97 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 633  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5.05 +/- 6.29 B2, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
2.86  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.434  
z (mm) peak 8.8  
fs (MPa) ultimate 0.339  
z (mm) ultimate 40.3  
Normal stress at peak, σn,p 
(kPa) 
434.1  
Normal stress at ultimate, σn,u 
(kPa) 
403.8  
Dilation at peak, Vp (mm) 0.47  





Table C97 Cont. CNS direct shear test information and data 
 




































C98: Test CNS98 
 
 
Test No.: MLFB3C1 
Database ID No.: CNS98 
Original Reference: Seidel (1993) 
 
Table C98 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 540.8  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5.05 +/- 6.29 B3, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
4.2  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.477  
z (mm) peak 9.8  
fs (MPa) ultimate 0.424  
z (mm) ultimate 39.7  
Normal stress at peak, σn,p 
(kPa) 
511.3  
Normal stress at ultimate, σn,u 
(kPa) 
519.4  
Dilation at peak, Vp (mm) 0.62  





Table C98 Cont. CNS direct shear test information and data 
 





































C99: Test CNS99 
 
 
Test No.: MLFC1F1 
Database ID No.: CNS99 
Original Reference: Seidel (1993) 
 
Table C99 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 745.45  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 20.58 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
4.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.637  
z (mm) peak 6  
fs (MPa) ultimate 0.499  
z (mm) ultimate 40  
Normal stress at peak, σn,p 
(kPa) 
516.1  
Normal stress at ultimate, σn,u 
(kPa) 
628.4  
Dilation at peak, Vp (mm) 0.98  





Table C99 Cont. CNS direct shear test information and data 
 






































C100: Test CNS100 
 
 
Test No.: MLFC1M1 
Database ID No.: CNS100 
Original Reference: Seidel (1993) 
 
Table C100 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 1077.27  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 16.78 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
4.8  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.627  
z (mm) peak 4.05  
fs (MPa) ultimate 0.488  
z (mm) ultimate 39.8  
Normal stress at peak, σn,p 
(kPa) 
485.3  
Normal stress at ultimate, σn,u 
(kPa) 
583.6  
Dilation at peak, Vp (mm) 0.5  





Table C100 Cont. CNS direct shear test information and data 
 




























Table C100 Cont. CNS direct shear test information and data 
 

















C101: Test CNS101 
 
 
Test No.: MLFC1C1 
Database ID No.: CNS101 
Original Reference: Seidel (1993) 
 
Table C101 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 464.9  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.9 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
5.9  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.546  
z (mm) peak 6.5  
fs (MPa) ultimate 0.427  
z (mm) ultimate 40.13  
Normal stress at peak, σn,p 
(kPa) 
520.9  
Normal stress at ultimate, σn,u 
(kPa) 
519.9  
Dilation at peak, Vp (mm) 0.67  





Table C101 Cont. CNS direct shear test information and data 
 






























Table C101 Cont. CNS direct shear test information and data 
 
 


















C102: Test CNS102 
 
 
Test No.: MLFC1C2 
Database ID No.: CNS102 
Original Reference: Seidel (1993) 
 
Table C102 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 1472.11  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
4.5  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.576  
z (mm) peak 7.14  
fs (MPa) ultimate 0.446  
z (mm) ultimate 18.2  
Normal stress at peak, σn,p 
(kPa) 
514.5  
Normal stress at ultimate, σn,u 
(kPa) 
520.3  
Dilation at peak, Vp (mm) 0.77  





Table C102 Cont. CNS direct shear test information and data 
 


































C103: Test CNS103 
 
 
Test No.: MLFC1C3 
Database ID No.: CNS103 
Original Reference: Seidel (1993) 
 
Table C103 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 900  
Initial Slope (kPa/mm) 441  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
3.07  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.751  
z (mm) peak 7.3  
fs (MPa) ultimate 0.64  
z (mm) ultimate 37.6  
Normal stress at peak, σn,p 
(kPa) 
700.4  
Normal stress at ultimate, σn,u 
(kPa) 
718.13  
Dilation at peak, Vp (mm) 0.41  





Table C103 Cont. CNS direct shear test information and data 
 






























Table C103 Cont. CNS direct shear test information and data 
 



















C104: Test CNS104 
 
 
Test No.: MLFC1C4 
Database ID No.: CNS104 
Original Reference: Seidel (1993) 
 
Table C104 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 1002.44  
Initial Normal Stress (kPa) 900  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
N/A  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.864  
z (mm) peak 3.7  
fs (MPa) ultimate 0.652  
z (mm) ultimate 39.7  
Normal stress at peak, σn,p 
(kPa) 
856.3  
Normal stress at ultimate, σn,u 
(kPa) 
764.4  
Dilation at peak, Vp (mm) -0.16  





Table C104 Cont. CNS direct shear test information and data 
 



































C105: Test CNS105 
 
 
Test No.: MLFC1C5 
Database ID No.: CNS105 
Original Reference: Seidel (1993) 
 
Table C105 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 600  
Initial Slope (kPa/mm) 1473  
Initial Normal Stress (kPa) 600  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
2.05  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.778  
z (mm) peak 6.5  
fs (MPa) ultimate 0.582  
z (mm) ultimate 41.9  
Normal stress at peak, σn,p 
(kPa) 
699.4  
Normal stress at ultimate, σn,u 
(kPa) 
704.6  
Dilation at peak, Vp (mm) 0.18  





Table C105 Cont. CNS direct shear test information and data 
 





































C106: Test CNS106 
 
 
Test No.: MLFC1C6 
Database ID No.: CNS106 
Original Reference: Seidel (1993) 
 
Table C106 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Siltstone  
Normal Stiffness (kPa/mm) 150  
Initial Slope (kPa/mm) 541.4  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 8.04 +/- 9.97 C1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
8.3  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.361  
z (mm) peak 9.7  
fs (MPa) ultimate 0.336  
z (mm) ultimate 34.3  
Normal stress at peak, σn,p 
(kPa) 
358.1  
Normal stress at ultimate, σn,u 
(kPa) 
366.14  
Dilation at peak, Vp (mm) 1.3  





Table C106 Cont. CNS direct shear test information and data 
 































Table C106 Cont. CNS direct shear test information and data 
 















C107: Test CNS107 
 
 
Test No.: MLFD1F1 
Database ID No.: CNS107 
Original Reference: Seidel (1993) 
 
Table C107 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 400.8  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 29.11 D1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
4.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.643  
z (mm) peak 3.1  
fs (MPa) ultimate 0.458  
z (mm) ultimate 39.9  
Normal stress at peak, σn,p 
(kPa) 
428.3  
Normal stress at ultimate, σn,u 
(kPa) 
543.6  
Dilation at peak, Vp (mm) 0.44  





Table C107 Cont. CNS direct shear test information and data 
 






























Table C107 Cont. CNS direct shear test information and data 
 















C108: Test CNS108 
 
 
Test No.: MLFD1M1 
Database ID No.: CNS108 
Original Reference: Seidel (1993) 
 
Table C108 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 577.1  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 24.39 D1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
7.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.621  
z (mm) peak 2.4  
fs (MPa) ultimate 0.419  
z (mm) ultimate 39.7  
Normal stress at peak, σn,p 
(kPa) 
385.2  
Normal stress at ultimate, σn,u 
(kPa) 
496  
Dilation at peak, Vp (mm) 0.31  





Table C108 Cont. CNS direct shear test information and data 
 
 




























Table C108 Cont. CNS direct shear test information and data 
 

















C109: Test CNS109 
 
 
Test No.: MLFD1C1 
Database ID No.: CNS109 
Original Reference: Seidel (1993) 
 
Table C109 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 412  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 15.26 D1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
7.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.779  
z (mm) peak 8.1  
fs (MPa) ultimate 0.613  
z (mm) ultimate 39.8  
Normal stress at peak, σn,p 
(kPa) 
662.9  
Normal stress at ultimate, σn,u 
(kPa) 
677.6  
Dilation at peak, Vp (mm) 1.11  





Table C109 Cont. CNS direct shear test information and data 
 

































Table C109 Cont. CNS direct shear test information and data 
 

















C110: Test CNS110 
 
 
Test No.: MLFD2C1 
Database ID No.: CNS110 
Original Reference: Seidel (1993) 
 
Table C110 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 777.8  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 15.26 D2, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
9.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.708  
z (mm) peak 4.6  
fs (MPa) ultimate 0.395  
z (mm) ultimate 39.9  
Normal stress at peak, σn,p 
(kPa) 
530.3  
Normal stress at ultimate, σn,u 
(kPa) 
502.1  
Dilation at peak, Vp (mm) 0.93  





Table C110 Cont. CNS direct shear test information and data 
 





























Table C110 Cont. CNS direct shear test information and data 
 
















C111: Test CNS111 
 
 
Test No.: MLFD3C1 
Database ID No.: CNS111 
Original Reference: Seidel (1993) 
 
Table C111 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 729.3  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.42 +/- 15.26 D3, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
7.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.839  
z (mm) peak 6.9  
fs (MPa) ultimate 0.592  
z (mm) ultimate 39.9  
Normal stress at peak, σn,p 
(kPa) 
620.7  
Normal stress at ultimate, σn,u 
(kPa) 
678.5  
Dilation at peak, Vp (mm) 0.97  





Table C111 Cont. CNS direct shear test information and data 
 



































Table C111 Cont. CNS direct shear test information and data 
 


















C112: Test CNS112 
 
 
Test No.: MLFEC1 
Database ID No.: CNS112 
Original Reference: Seidel (1993) 
 
Table C112 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 888.51  
Initial Normal Stress (kPa) 300  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 40  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 21.72 +/- 25.98 E1, fractal profile, chord 
length = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
7.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.834  
z (mm) peak 2.55  
fs (MPa) ultimate 0.657  
z (mm) ultimate 39.9  
Normal stress at peak, σn,p 
(kPa) 
451.9  
Normal stress at ultimate, σn,u 
(kPa) 
657.7  
Dilation at peak, Vp (mm) 0.37  





Table C112 Cont. CNS direct shear test information and data 
 
































Table C112 Cont. CNS direct shear test information and data 
 

















C113: Test CNS113 
 
 
Test No.: JCT2s2 
Database ID No.: CNS113 
Original Reference: Kodikara (1989) 
 
Table C113 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 95  
Initial Slope (kPa/mm) 525.77  
Initial Normal Stress (kPa) 360  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max) 0.18  
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.4  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.522  
z (mm) peak 9.45  
fs (MPa) ultimate 0.08  
z (mm) ultimate 34.4  
Normal stress at peak, σn,p 
(kPa) 
394  
Normal stress at ultimate, σn,u 
(kPa) 
186  
Dilation at peak, Vp (mm) 2.6  





Table C113 Cont. CNS direct shear test information and data 
 


































C114: Test CNS114 
 
 
Test No.: JCT2s4 
Database ID No.: CNS114 
Original Reference: Kodikara (1989) 
 
Table C114 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 96  
Initial Slope (kPa/mm) 1318.2  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max) 0.24  
Asperity angle (degree) 22.5  
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
11.11  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.678  
z (mm) peak 0.9  
fs (MPa) ultimate 0.218  
z (mm) ultimate 33.5  
Normal stress at peak, σn,p 
(kPa) 
323  
Normal stress at ultimate, σn,u 
(kPa) 
367  
Dilation at peak, Vp (mm) 0  





Table C114 Cont. CNS direct shear test information and data 
 
































C115: Test CNS115 
 
 
Test No.: JCT2s5 
Database ID No.: CNS115  
Original Reference: Kodikara (1989) 
 
Table C115 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 297  
Initial Slope (kPa/mm) 177.2  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3  
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5  
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.4  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.682  
z (mm) peak 7  
fs (MPa) ultimate 0.264  
z (mm) ultimate 45.7  
Normal stress at peak, σn,p 
(kPa) 
555  
Normal stress at ultimate, σn,u 
(kPa) 
360  
Dilation at peak, Vp (mm) 1.46  





Table C115 Cont. CNS direct shear test information and data 
 




































C116: Test CNS116 
 
 
Test No.: JCT2s6 
Database ID No.: CNS116  
Original Reference: Kodikara (1989) 
 
Table C116 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 285  
Initial Slope (kPa/mm) 592  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
0.31  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
6.22  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.878  
z (mm) peak 5.4  
fs (MPa) ultimate 0.349  
z (mm) ultimate 47.7  
Normal stress at peak, σn,p 
(kPa) 
662  
Normal stress at ultimate, σn,u 
(kPa) 
516  
Dilation at peak, Vp (mm) 1.44  





Table C116 Cont. CNS direct shear test information and data 
 
































Table C116 Cont. CNS direct shear test information and data 
 
















C117: Test CNS117 
 
 
Test No.: JCT2s7 
Database ID No.: CNS117 
Original Reference: Kodikara (1989) 
 
Table C117 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 530  
Initial Slope (kPa/mm) 328  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
1.87  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.775  
z (mm) peak 4.8  
fs (MPa) ultimate 0.199  
z (mm) ultimate 50  
Normal stress at peak, σn,p 
(kPa) 
529  
Normal stress at ultimate, σn,u 
(kPa) 
311  
Dilation at peak, Vp (mm) 0.63  





Table C117 Cont. CNS direct shear test information and data 
 
 




























Table C117 Cont. CNS direct shear test information and data 
 
















C118: Test CNS118 
 
 
Test No.: JCT2s9 
Database ID No.: CNS118 
Original Reference: Kodikara (1989) 
 
Table C118 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 530  
Initial Slope (kPa/mm) 680  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 Regular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
3.64  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.827  
z (mm) peak 4.6  
fs (MPa) ultimate 0.261  
z (mm) ultimate 49.65  
Normal stress at peak, σn,p 
(kPa) 
671  
Normal stress at ultimate, σn,u 
(kPa) 
453  
Dilation at peak, Vp (mm) 0.67  





Table C118 Cont. CNS direct shear test information and data 
 


























Table C118 Cont. CNS direct shear test information and data 
 

















C119: Test CNS119 
 
 
Test No.: JCT3s2 
Database ID No.: CNS119 
Original Reference: Kodikara (1989) 
 
Table C119 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 90  
Initial Slope (kPa/mm) 125.56  
Initial Normal Stress (kPa) 157  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.422  
z (mm) peak 6  
fs (MPa) ultimate 0.151  
z (mm) ultimate 40.4  
Normal stress at peak, σn,p 
(kPa) 
308  
Normal stress at ultimate, σn,u 
(kPa) 
323.6  
Dilation at peak, Vp (mm) 1.4  





Table C119 Cont. CNS direct shear test information and data 
 









































C120: Test CNS120 
 
 
Test No.: JCT3s4 
Database ID No.: CNS120 
Original Reference: Kodikara (1989) 
 
Table C120 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 100  
Initial Slope (kPa/mm) 278  
Initial Normal Stress (kPa) 320  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
6.02  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.573  
z (mm) peak 7.6  
fs (MPa) ultimate 0.191  
z (mm) ultimate 45.3  
Normal stress at peak, σn,p 
(kPa) 
506  
Normal stress at ultimate, σn,u 
(kPa) 
389  
Dilation at peak, Vp (mm) 1.59  





Table C120 Cont. CNS direct shear test information and data 
 
































Table C120 Cont. CNS direct shear test information and data 
 


















C121: Test CNS121 
 
 
Test No.: JCT3s5 
Database ID No.: CNS121 
Original Reference: Kodikara (1989) 
 
Table C121 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Limestone  
Normal Stiffness (kPa/mm) 297  
Initial Slope (kPa/mm) 300  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
6.21  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.633  
z (mm) peak 6.4  
fs (MPa) ultimate 0.195  
z (mm) ultimate 46.9  
Normal stress at peak, σn,p 
(kPa) 
430  
Normal stress at ultimate, σn,u 
(kPa) 
288  
Dilation at peak, Vp (mm) 1.1  





Table C121 Cont. CNS direct shear test information and data 
 
 






























Table C121 Cont. CNS direct shear test information and data 
 



















C122: Test CNS122 
 
 
Test No.: JCT3s6 
Database ID No.: CNS122 
Original Reference: Kodikara (1989) 
 
Table C122 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 290  
Initial Slope (kPa/mm) 377.19  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
2.5  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.73  
z (mm) peak 4.7  
fs (MPa) ultimate 0.24  
z (mm) ultimate 45.7  
Normal stress at peak, σn,p 
(kPa) 
534  
Normal stress at ultimate, σn,u 
(kPa) 
425  
Dilation at peak, Vp (mm) 0.73  





Table C122 Cont. CNS direct shear test information and data 
 































Table C122 Cont. CNS direct shear test information and data 
 

















C123: Test CNS123 
 
 
Test No.: JCT3s8 
Database ID No.: CNS123 
Original Reference:  
 
Table C123 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 520  
Initial Slope (kPa/mm) 278.33  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
1.91  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.485  
z (mm) peak 6.1  
fs (MPa) ultimate 0.0784  
z (mm) ultimate 39.1  
Normal stress at peak, σn,p 
(kPa) 
349  
Normal stress at ultimate, σn,u 
(kPa) 
136  
Dilation at peak, Vp (mm) 0.34  





Table C123 Cont. CNS direct shear test information and data 
 






































C124: Test CNS124 
 
 
Test No.: JCT3s9 
Database ID No.: CNS124 
Original Reference: Kodikara (1989) 
 
Table C124 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 550  
Initial Slope (kPa/mm) 203.03  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
9.81  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.408  
z (mm) peak 6.5  
fs (MPa) ultimate 0.151  
z (mm) ultimate 40.3  
Normal stress at peak, σn,p 
(kPa) 
298  
Normal stress at ultimate, σn,u 
(kPa) 
314  
Dilation at peak, Vp (mm) 1.6  





Table C124 Cont. CNS direct shear test information and data 
 







































C125: Test CNS125 
 
 
Test No.: JCT4s1 
Database ID No.: CNS125 
Original Reference: Kodikara (1989) 
 
Table C125 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 93  
Initial Slope (kPa/mm) 182  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
5.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.349  
z (mm) peak 3.5  
fs (MPa) ultimate 0.186  
z (mm) ultimate 20.5  
Normal stress at peak, σn,p 
(kPa) 
229  
Normal stress at ultimate, σn,u 
(kPa) 
302  
Dilation at peak, Vp (mm) 0.75  





Table C125 Cont. CNS direct shear test information and data 
 





































C126: Test CNS126 
 
 
Test No.: JCT4s4 
Database ID No.: CNS126 
Original Reference: Kodikara (1989) 
 
Table C126 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 90  
Initial Slope (kPa/mm) 1000  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
3.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.667  
z (mm) peak 0.8  
fs (MPa) ultimate 0.227  
z (mm) ultimate 27.4  
Normal stress at peak, σn,p 
(kPa) 
327  
Normal stress at ultimate, σn,u 
(kPa) 
416  
Dilation at peak, Vp (mm) 0  





Table C126 Cont. CNS direct shear test information and data 
 



































C127: Test CNS127 
 
 
Test No.: JCT4s5 
Database ID No.: CNS127 
Original Reference: Kodikara (1989) 
 
Table C127 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 294  
Initial Slope (kPa/mm) 248.75  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
6.27  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.526  
z (mm) peak 8.1  
fs (MPa) ultimate 0.177  
z (mm) ultimate 48.2  
Normal stress at peak, σn,p 
(kPa) 
452  
Normal stress at ultimate, σn,u 
(kPa) 
358  
Dilation at peak, Vp (mm) 0.9  





Table C127 Cont. CNS direct shear test information and data 
 































Table C127 Cont. CNS direct shear test information and data 
 


















C128: Test CNS128 
 
 
Test No.: JCT4s7 
Database ID No.: CNS128 
Original Reference: Kodikara (1989) 
 
Table C128 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 285  
Initial Slope (kPa/mm) 254.05  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
3.03  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.679  
z (mm) peak 1.67  
fs (MPa) ultimate 0.197  
z (mm) ultimate 42.6  
Normal stress at peak, σn,p 
(kPa) 
329  
Normal stress at ultimate, σn,u 
(kPa) 
360  
Dilation at peak, Vp (mm) 0.025  





Table C128 Cont. CNS direct shear test information and data 
 































Table C128 Cont. CNS direct shear test information and data 
 
















C129: Test CNS129 
 
 
Test No.: JCT4s6 
Database ID No.: CNS129 
Original Reference: Kodikara (1989) 
 
Table C129 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 550  
Initial Slope (kPa/mm) 287  
Initial Normal Stress (kPa) 155  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
2.41  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.664  
z (mm) peak 6.8  
fs (MPa) ultimate 0.209  
z (mm) ultimate 37.67  
Normal stress at peak, σn,p 
(kPa) 
548  
Normal stress at ultimate, σn,u 
(kPa) 
413  
Dilation at peak, Vp (mm) 0.69  





Table C129 Cont. CNS direct shear test information and data 
 

































Table C129 Cont. CNS direct shear test information and data 
 
















C130: Test CNS130 
 
 
Test No.: JCT4s8 
Database ID No.: CNS130 
Original Reference: Kodikara (1989) 
 
Table C130 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 635  
Initial Slope (kPa/mm) 589.6  
Initial Normal Stress (kPa) 320  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
1.49  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.695  
z (mm) peak 3.9  
fs (MPa) ultimate 0.163  
z (mm) ultimate 45.3  
Normal stress at peak, σn,p 
(kPa) 
532  
Normal stress at ultimate, σn,u 
(kPa) 
348  
Dilation at peak, Vp (mm) 0.31  





Table C130 Cont. CNS direct shear test information and data 
 





























Table C130 Cont. CNS direct shear test information and data 
 


















C131: Test CNS131 
 
 
Test No.: JCT5s1 
Database ID No.: CNS131 
Original Reference: Kodikara (1989) 
 
Table C131 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 93  
Initial Slope (kPa/mm) 295.23  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
9.5  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.429  
z (mm) peak 15.2  
fs (MPa) ultimate 0.124  
z (mm) ultimate 43.9  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
267  
Dilation at peak, Vp (mm) 2.7  





Table C131 Cont. CNS direct shear test information and data 
 


























Table C131 Cont. CNS direct shear test information and data 
 
















C132: Test CNS132 
 
 
Test No.: JCT5s3 
Database ID No.: CNS132 
Original Reference: Kodikara (1989) 
 
Table C132 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 91  
Initial Slope (kPa/mm) 556.25  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
5.9  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.701  
z (mm) peak 1.5  
fs (MPa) ultimate 0.219  
z (mm) ultimate 41  
Normal stress at peak, σn,p 
(kPa) 
320  
Normal stress at ultimate, σn,u 
(kPa) 
363  
Dilation at peak, Vp (mm) 0  





Table C132 Cont. CNS direct shear test information and data 
 






































C133: Test CNS133 
 
 
Test No.: JCT5s4 
Database ID No.: CNS133 
Original Reference: Kodikara (1989) 
 
Table C133 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 280  
Initial Slope (kPa/mm) 201.8  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
4.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.478  
z (mm) peak 14.7  
fs (MPa) ultimate 0.21  
z (mm) ultimate 42.6  
Normal stress at peak, σn,p 
(kPa) 
520  
Normal stress at ultimate, σn,u 
(kPa) 
436  
Dilation at peak, Vp (mm) 1.31  





Table C133 Cont. CNS direct shear test information and data 
 







































C134: Test CNS134 
 
 
Test No.: JCT5s6 
Database ID No.: CNS134 
Original Reference: Kodikara (1989) 
 
Table C134 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 294  
Initial Slope (kPa/mm) 722.5  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
6.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.72  
z (mm) peak 1.15  
fs (MPa) ultimate 0.357  
z (mm) ultimate 33.5  
Normal stress at peak, σn,p 
(kPa) 
399  
Normal stress at ultimate, σn,u 
(kPa) 
699  
Dilation at peak, Vp (mm) 0.031  





Table C134 Cont. CNS direct shear test information and data 
 
 





























Table C134 Cont. CNS direct shear test information and data 
 















C135: Test CNS135 
 
 
Test No.: JCT5s5 
Database ID No.: CNS135 
Original Reference: Kodikara (1989) 
 
Table C135 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Jonhstone  
Normal Stiffness (kPa/mm) 537  
Initial Slope (kPa/mm) 186.207  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
1.62  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.582  
z (mm) peak 10.8  
fs (MPa) ultimate 0.246  
z (mm) ultimate 42  
Normal stress at peak, σn,p 
(kPa) 
576  
Normal stress at ultimate, σn,u 
(kPa) 
502  
Dilation at peak, Vp (mm) 0.74  





Table C135 Cont. CNS direct shear test information and data 
 




































C136: Test CNS136 
 
 
Test No.: JCT6s2 
Database ID No.: CNS136 
Original Reference: Kodikara (1989) 
 
Table C136 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 99  
Initial Slope (kPa/mm) 393.33  
Initial Normal Stress (kPa) 151  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)  Regular profile 
Asperity angle (degree) 12.5  
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
4.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.375  
z (mm) peak 18.17  
fs (MPa) ultimate 0.162  
z (mm) ultimate 29.8  
Normal stress at peak, σn,p 
(kPa) 
437  
Normal stress at ultimate, σn,u 
(kPa) 
380  
Dilation at peak, Vp (mm) 2.96  





Table C136 Cont. CNS direct shear test information and data 
 




































C137: Test CNS137 
 
 
Test No.: JCT6s3 
Database ID No.: CNS137 
Original Reference: Kodikara (1989) 
 
Table C137 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 102  
Initial Slope (kPa/mm) 1013  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
5.52  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.492  
z (mm) peak 12.5  
fs (MPa) ultimate 0.207  
z (mm) ultimate 33.5  
Normal stress at peak, σn,p 
(kPa) 
510  
Normal stress at ultimate, σn,u 
(kPa) 
468  
Dilation at peak, Vp (mm) 1.99  





Table C137 Cont. CNS direct shear test information and data 
 






































C138: Test CNS138 
 
 
Test No.: JCT6s4 
Database ID No.: CNS138 
Original Reference: Kodikara (1989) 
 
Table C138 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 396  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
4.9  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.577  
z (mm) peak 14.6  
fs (MPa) ultimate 0.219  
z (mm) ultimate 34  
Normal stress at peak, σn,p 
(kPa) 
730  
Normal stress at ultimate, σn,u 
(kPa) 
554  
Dilation at peak, Vp (mm) 1.86  





Table C138 Cont. CNS direct shear test information and data 
 





































C139: Test CNS139 
 
 
Test No.: JCT6s5 
Database ID No.: CNS139 
Original Reference: Kodikara (1989) 
 
Table C139 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 321  
Initial Slope (kPa/mm) 437.28  
Initial Normal Stress (kPa) 322  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
6.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.721  
z (mm) peak 13  
fs (MPa) ultimate 0.24  
z (mm) ultimate 27.2  
Normal stress at peak, σn,p 
(kPa) 
868  
Normal stress at ultimate, σn,u 
(kPa) 
579  
Dilation at peak, Vp (mm) 1.73  





Table C139 Cont. CNS direct shear test information and data 
 




































C140: Test CNS140 
 
 
Test No.: JCT6s7 
Database ID No.: CNS140 
Original Reference: Kodikara (1989) 
 
Table C140 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 960  
Initial Slope (kPa/mm) 410.8  
Initial Normal Stress (kPa) 164  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.747  
z (mm) peak 10.9  
fs (MPa) ultimate 0.208  
z (mm) ultimate 18.48  
Normal stress at peak, σn,p 
(kPa) 
777  
Normal stress at ultimate, σn,u 
(kPa) 
376  
Dilation at peak, Vp (mm) 0.55  





Table C140 Cont. CNS direct shear test information and data 
 









































C141: Test CNS141 
 
 
Test No.: JCT6s8 
Database ID No.: CNS141 
Original Reference: Kodikara (1989) 
 
Table C141 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 877  
Initial Slope (kPa/mm) 486.5  
Initial Normal Stress (kPa) 325  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 Regular 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
1.45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.892  
z (mm) peak 8.7  
fs (MPa) ultimate 0.354  
z (mm) ultimate 32.2  
Normal stress at peak, σn,p 
(kPa) 
869  
Normal stress at ultimate, σn,u 
(kPa) 
520  
Dilation at peak, Vp (mm) 0.629  





Table C141 Cont. CNS direct shear test information and data 
 






























Table C141 Cont. CNS direct shear test information and data 
 
















C142: Test CNS142 
 
 
Test No.: JCT7s1 
Database ID No.: CNS142 
Original Reference: Kodikara (1989) 
 
Table C142 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 90  
Initial Slope (kPa/mm) 110.8  
Initial Normal Stress (kPa) 156  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 2.5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
5.7  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.294  
z (mm) peak 10.6  
fs (MPa) ultimate 0.122  
z (mm) ultimate 45.2  
Normal stress at peak, σn,p 
(kPa) 
308  
Normal stress at ultimate, σn,u 
(kPa) 
304  
Dilation at peak, Vp (mm) 1.5  





Table C142 Cont. CNS direct shear test information and data 
 






























Table C142 Cont. CNS direct shear test information and data 
 















C143: Test CNS143 
 
 
Test No.: JCT7s2 
Database ID No.: CNS143 
Original Reference: Kodikara (1989) 
 
Table C143 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 90  
Initial Slope (kPa/mm) 288  
Initial Normal Stress (kPa) 320  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 2.5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
5.45  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.404  
z (mm) peak 2  
fs (MPa) ultimate 0.2  
z (mm) ultimate 34.2  
Normal stress at peak, σn,p 
(kPa) 
321  
Normal stress at ultimate, σn,u 
(kPa) 
478  
Dilation at peak, Vp (mm) 0.2  





Table C143 Cont. CNS direct shear test information and data 
 




































C144: Test CNS144 
 
 
Test No.: JCT7s3 
Database ID No.: CNS144 
Original Reference: Kodikara (1989) 
 
Table C144 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 296  
Initial Slope (kPa/mm) 258.14  
Initial Normal Stress (kPa) 143  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 2.5 Assumed 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
4.5  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.569  
z (mm) peak 17  
fs (MPa) ultimate 0.24  
z (mm) ultimate 37  
Normal stress at peak, σn,p 
(kPa) 
678  
Normal stress at ultimate, σn,u 
(kPa) 
548  
Dilation at peak, Vp (mm) 1.79  





Table C144 Cont. CNS direct shear test information and data 
 































Table C144 Cont. CNS direct shear test information and data 
 














C145: Test CNS145 
 
 
Test No.: JCT7s4 
Database ID No.: CNS145 
Original Reference: Kodikara (1989) 
 
Table C145 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 514.63  
Initial Normal Stress (kPa) 320  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 2.5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
8.31  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.583  
z (mm) peak 11.7  
fs (MPa) ultimate 0.235  
z (mm) ultimate 33  
Normal stress at peak, σn,p 
(kPa) 
730  
Normal stress at ultimate, σn,u 
(kPa) 
414  
Dilation at peak, Vp (mm) 1.5  





Table C145 Cont. CNS direct shear test information and data 
 
































Table C145 Cont. CNS direct shear test information and data 
 
















C146: Test CNS146 
 
 
Test No.: JCT7s5 
Database ID No.: CNS146 
Original Reference: Kodikara (1989) 
 
Table C146 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 874  
Initial Slope (kPa/mm) 404.16  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 2.5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
3.12  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.635  
z (mm) peak 7.9  
fs (MPa) ultimate 0.313  
z (mm) ultimate 48  
Normal stress at peak, σn,p 
(kPa) 
733  
Normal stress at ultimate, σn,u 
(kPa) 
477  
Dilation at peak, Vp (mm) 0.62  





Table C146 Cont. CNS direct shear test information and data 
 






























Table C146 Cont. CNS direct shear test information and data 
 
















C147: Test CNS147 
 
 
Test No.: JCT7s6 
Database ID No.: CNS147 
Original Reference: Kodikara (1989) 
 
Table C147 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 927  
Initial Slope (kPa/mm) 246.66  
Initial Normal Stress (kPa) 313  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 2.5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
2.22  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.804  
z (mm) peak 8.8  
fs (MPa) ultimate 0.387  
z (mm) ultimate 31.3  
Normal stress at peak, σn,p 
(kPa) 
916  
Normal stress at ultimate, σn,u 
(kPa) 
829  
Dilation at peak, Vp (mm) 0.65  





Table C147 Cont. CNS direct shear test information and data 
 




































C148: Test CNS148 
 
 
Test No.: JCT8s1 
Database ID No.: CNS148 
Original Reference: Kodikara (1989) 
 
Table C148 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 98  
Initial Slope (kPa/mm) 251.85  
Initial Normal Stress (kPa) 135  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
6.6  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.243  
z (mm) peak 12.4  
fs (MPa) ultimate 0.149  
z (mm) ultimate 42.5  
Normal stress at peak, σn,p 
(kPa) 
295  
Normal stress at ultimate, σn,u 
(kPa) 
350  
Dilation at peak, Vp (mm) 1.7  





Table C148 Cont. CNS direct shear test information and data 
 





































C149: Test CNS149 
 
 
Test No.: JCT8s2 
Database ID No.: CNS149 
Original Reference: Kodikara (1989) 
 
Table C149 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 100  
Initial Slope (kPa/mm) 400  
Initial Normal Stress (kPa) 305  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
8.8  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.403  
z (mm) peak 0.87  
fs (MPa) ultimate 0.238  
z (mm) ultimate 39.3  
Normal stress at peak, σn,p 
(kPa) 
320  
Normal stress at ultimate, σn,u 
(kPa) 
523  
Dilation at peak, Vp (mm) 0.002  





Table C149 Cont. CNS direct shear test information and data 
 


































C150: Test CNS150 
 
 
Test No.: JCT8s3 
Database ID No.: CNS150 
Original Reference: Kodikara (1989) 
 
Table C150 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 285  
Initial Slope (kPa/mm) 394.73  
Initial Normal Stress (kPa) 159  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
4.8  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.427  
z (mm) peak 19.4  
fs (MPa) ultimate 0.26  
z (mm) ultimate 39.8  
Normal stress at peak, σn,p 
(kPa) 
580  
Normal stress at ultimate, σn,u 
(kPa) 
550  
Dilation at peak, Vp (mm) 1.35  





Table C150 Cont. CNS direct shear test information and data 
 






































C151: Test CNS151 
 
 
Test No.: JCT8s4 
Database ID No.: CNS151 
Original Reference: Kodikara (1989) 
 
Table C151 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 300  
Initial Slope (kPa/mm) 288  
Initial Normal Stress (kPa) 321  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
4.66  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.522  
z (mm) peak 16.04  
fs (MPa) ultimate 0.263  
z (mm) ultimate 29.1  
Normal stress at peak, σn,p 
(kPa) 
684  
Normal stress at ultimate, σn,u 
(kPa) 
544  
Dilation at peak, Vp (mm) 1.22  





Table C151 Cont. CNS direct shear test information and data 
 







































C152: Test CNS152 
 
 
Test No.: JCT8s5 
Database ID No.: CNS152 
Original Reference: Kodikara (1989) 
 
Table C152 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 242.22  
Initial Normal Stress (kPa) 142  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
2.22  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.544  
z (mm) peak 12.4  
fs (MPa) ultimate 0.3  
z (mm) ultimate 28.2  
Normal stress at peak, σn,p 
(kPa) 
741  
Normal stress at ultimate, σn,u 
(kPa) 
619  
Dilation at peak, Vp (mm) 0.63  





Table C152 Cont. CNS direct shear test information and data 
 




























Table C152 Cont. CNS direct shear test information and data 
 

















C153: Test CNS153 
 
 
Test No.: JCT8s6 
Database ID No.: CNS153 
Original Reference: Kodikara (1989) 
 
Table C153 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 854  
Initial Slope (kPa/mm) 406.78  
Initial Normal Stress (kPa) 320  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 5 Irregular profile 
Asperity height (mm) 6  
Interface dilation angle 
(degree) 
3.2  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.617  
z (mm) peak 4.6  
fs (MPa) ultimate 0.332  
z (mm) ultimate 38  
Normal stress at peak, σn,p 
(kPa) 
721  
Normal stress at ultimate, σn,u 
(kPa) 
728  
Dilation at peak, Vp (mm) 0.47  





Table C153 Cont. CNS direct shear test information and data 
 


























Table C153 Cont. CNS direct shear test information and data 
 

















C154: Test CNS154 
 
 
Test No.: JCT3s2r 
Database ID No.: CNS154 
Original Reference: Kodikara (1989) 
 
Table C154 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 100  
Initial Slope (kPa/mm) 158.33  
Initial Normal Stress (kPa) 150  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.1  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.392  
z (mm) peak 6  
fs (MPa) ultimate 0.174  
z (mm) ultimate 24.11  
Normal stress at peak, σn,p 
(kPa) 
272  
Normal stress at ultimate, σn,u 
(kPa) 
308  
Dilation at peak, Vp (mm) 1.4  





Table C154 Cont. CNS direct shear test information and data 
 




































C155: Test CNS155 
 
 
Test No.: JCT4s4r 
Database ID No.: CNS155 
Original Reference: Kodikara (1989) 
 
Table C155 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 98  
Initial Slope (kPa/mm) 449.3  
Initial Normal Stress (kPa) 315  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 2.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
7.2  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.539  
z (mm) peak 1.5  
fs (MPa) ultimate 0.246  
z (mm) ultimate 14  
Normal stress at peak, σn,p 
(kPa) 
325  
Normal stress at ultimate, σn,u 
(kPa) 
404  
Dilation at peak, Vp (mm) 0.011  





Table C155 Cont. CNS direct shear test information and data 
 
































C156: Test CNS156 
 
 
Test No.: JCT4s5r 
Database ID No.: CNS156 
Original Reference: Kodikara (1989) 
 
Table C156 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 325  
Initial Slope (kPa/mm) 462.5  
Initial Normal Stress (kPa) 145  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 22.5 +/- 5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.535  
z (mm) peak 6.5  
fs (MPa) ultimate 0.216  
z (mm) ultimate 34.5  
Normal stress at peak, σn,p 
(kPa) 
438  
Normal stress at ultimate, σn,u 
(kPa) 
438  
Dilation at peak, Vp (mm) 1.06  





Table C156 Cont. CNS direct shear test information and data 
 







































C157: Test CNS157 
 
 
Test No.: JCT5s1r 
Database ID No.: CNS157 
Original Reference: Kodikara (1989) 
 
Table C157 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Johnstone  
Normal Stiffness (kPa/mm) 91  
Initial Slope (kPa/mm) 295  
Initial Normal Stress (kPa) 151  
Poisson’s Ratio, ν 0.3 Assumed 
Equivalent Socket Diameter 
(m) 
  
Water Content (%) 17  
Unconfined compressive 
strength for rock, qu (MPa) 
2.8  
f’c of concrete cap (MPa)   
Rock friction angle (degree) 37  
Modulus of deformation 
(MPa) 
360  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 12.5 +/- 7.5 Irregular profile 
Asperity height (mm) 9.5  
Interface dilation angle 
(degree) 
6.2  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.469  
z (mm) peak 17.1  
fs (MPa) ultimate 0.204  
z (mm) ultimate 44  
Normal stress at peak, σn,p 
(kPa) 
438  
Normal stress at ultimate, σn,u 
(kPa) 
405  
Dilation at peak, Vp (mm) 3.3  





Table C157 Cont. CNS direct shear test information and data 
 































C158: Test CNS158 
 
 
Test No.: S1RU0501 
Database ID No.: CNS158 
Original Reference: Gu (2001) 
 
Table C158 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 2023  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular, chord 
length = 16 mm 
Asperity height (mm) 1.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.844  
z (mm) peak 14.8  
fs (MPa) ultimate 0.733  
z (mm) ultimate 18.4  
Normal stress at peak, σn,p 
(kPa) 
1191  
Normal stress at ultimate, σn,u 
(kPa) 
1153  
Dilation at peak, Vp (mm) 1.1  





Table C158 Cont. CNS direct shear test information and data 
 





























C159: Test CNS159 
 
 
Test No.: S1RU0502 
Database ID No.: CNS159 
Original Reference: Gu (2001) 
 
Table C159 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 1083.3  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular profile, 
chord length = 16 mm 
Asperity height (mm) 1.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.25  
z (mm) peak 16.2  
fs (MPa) ultimate 1.062  
z (mm) ultimate 21.8  
Normal stress at peak, σn,p 
(kPa) 
1701  
Normal stress at ultimate, σn,u 
(kPa) 
1462  
Dilation at peak, Vp (mm) 0.8  





Table C159 Cont. CNS direct shear test information and data 
 




























C160: Test CNS160 
 
 
Test No.: S1RU0503 
Database ID No.: CNS160 
Original Reference: Gu (2001) 
 
Table C160 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 772  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 MPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular profile, 
chord length = 16 mm 
Asperity height (mm) 1.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.5  
z (mm) peak 15.8  
fs (MPa) ultimate 0.702  
z (mm) ultimate 24.7  
Normal stress at peak, σn,p 
(kPa) 
2238  
Normal stress at ultimate, σn,u 
(kPa) 
1320  
Dilation at peak, Vp (mm) 0.58  





Table C160 Cont. CNS direct shear test information and data 
 






























C161: Test CNS161 
 
 
Test No.: S2RU0504 
Database ID No.: CNS161 
Original Reference: Gu (2001) 
 
Table C161 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 496.66  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular profile, 
chord length = 16 mm 
Asperity height (mm) 1.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.212  
z (mm) peak 17.4  
fs (MPa) ultimate 0.712  
z (mm) ultimate 25.8  
Normal stress at peak, σn,p 
(kPa) 
1707  
Normal stress at ultimate, σn,u 
(kPa) 
979  
Dilation at peak, Vp (mm) 0.83  





Table C161 Cont. CNS direct shear test information and data 
 






























C162: Test CNS162 
 
 
Test No.: S2RU0505 
Database ID No.: CNS162 
Original Reference: Gu (2001) 
 
Table C162 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 398  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular profile, l = 
64 mm 
Asperity height (mm) 5.6  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.159  
z (mm) peak 51.4  
fs (MPa) ultimate 1.765  
z (mm) ultimate 67.1  
Normal stress at peak, σn,p 
(kPa) 
2981  
Normal stress at ultimate, σn,u 
(kPa) 
2803  
Dilation at peak, Vp (mm) 3.2  





Table C162 Cont. CNS direct shear test information and data 
 






























C163: Test CNS163 
 
 
Test No.: S3RU0506 
Database ID No.: CNS163 
Original Reference: Gu (2001) 
 
Table C163 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 495.7  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 1.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.347  
z (mm) peak 0.7  
fs (MPa) ultimate 0.241  
z (mm) ultimate 19.7  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
400  
Dilation at peak, Vp (mm) 0.06  





Table C163 Cont. CNS direct shear test information and data 
 























C164: Test CNS164 
 
 
Test No.: S3RU0507 
Database ID No.: CNS164 
Original Reference: Gu (2001) 
 
Table C164 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 3068.18  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 1.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.762  
z (mm) peak 11.4  
fs (MPa) ultimate 0.475  
z (mm) ultimate 18.4  
Normal stress at peak, σn,p 
(kPa) 
982  
Normal stress at ultimate, σn,u 
(kPa) 
804  
Dilation at peak, Vp (mm) 0.79  





Table C164 Cont. CNS direct shear test information and data 
 

























C165: Test CNS165 
 
 
Test No.: S3RU0508 
Database ID No.: CNS165 
Original Reference: Gu (2001) 
 
Table C165 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 174.42  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular, l = 64 mm 
Asperity height (mm) 5.6  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.279  
z (mm) peak 53.9  
fs (MPa) ultimate 2.032  
z (mm) ultimate 65.5  
Normal stress at peak, σn,p 
(kPa) 
3092  
Normal stress at ultimate, σn,u 
(kPa) 
3311  
Dilation at peak, Vp (mm) 3.4  





Table C165 Cont. CNS direct shear test information and data 
 



























C166: Test CNS166 
 
 
Test No.: S1RU1001 
Database ID No.: CNS166 
Original Reference:  Gu (2001) 
 
Table C166 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1248.7  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular triangular, l = 16 mm 
Asperity height (mm) 2.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.65  
z (mm) peak 15  
fs (MPa) ultimate 0.95  
z (mm) ultimate 23  
Normal stress at peak, σn,p 
(kPa) 
1898  
Normal stress at ultimate, σn,u 
(kPa) 
1822  
Dilation at peak, Vp (mm) 1.8  





Table C166 Cont. CNS direct shear test information and data 
 






























C167: Test CNS167 
 
 
Test No.: S1RU1002 
Database ID No.: CNS167 
Original Reference: Gu (2001) 
 
Table C167 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 718.31  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 2.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.791  
z (mm) peak 14.45  
fs (MPa) ultimate 0.51  
z (mm) ultimate 30.71  
Normal stress at peak, σn,p 
(kPa) 
2985  
Normal stress at ultimate, σn,u 
(kPa) 
827  
Dilation at peak, Vp (mm) 1.07  





Table C167 Cont. CNS direct shear test information and data 
 


























C168: Test CNS168 
 
 
Test No.: S2RU1003 
Database ID No.: CNS168 
Original Reference: Gu (2001) 
 
Table C168 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 3441  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 2.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.901  
z (mm) peak 13.7  
fs (MPa) ultimate 0.957  
z (mm) ultimate 24.3  
Normal stress at peak, σn,p 
(kPa) 
2384  
Normal stress at ultimate, σn,u 
(kPa) 
1413  
Dilation at peak, Vp (mm) 1.26  





Table C168 Cont. CNS direct shear test information and data 
 

























C169: Test CNS169 
 
 
Test No.: S2RU1004 
Database ID No.: CNS169 
Original Reference: Gu (2001) 
 
Table C169 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 339.28  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular triangular profile, l = 
64 mm 
Asperity height (mm) 11.29  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.843  
z (mm) peak 39  
fs (MPa) ultimate 1.929  
z (mm) ultimate 64  
Normal stress at peak, σn,p 
(kPa) 
4283  
Normal stress at ultimate, σn,u 
(kPa) 
3242  
Dilation at peak, Vp (mm)   





Table C169 Cont. CNS direct shear test information and data 
 



























C170: Test CNS170 
 
 
Test No.: S1RU2001 
Database ID No.: CNS170 
Original Reference: Gu (2001) 
 
Table C170 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 430.97  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 50 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.965  
z (mm) peak 9.2  
fs (MPa) ultimate 0.788  
z (mm) ultimate 27.5  
Normal stress at peak, σn,p 
(kPa) 
3347  
Normal stress at ultimate, σn,u 
(kPa) 
1527  
Dilation at peak, Vp (mm) 1.8  





Table C170 Cont. CNS direct shear test information and data 
 






























C171: Test CNS171 
 
 
Test No.: S1RU2002 
Database ID No.: CNS171 
Original Reference: Gu (2001) 
 
Table C171 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 840  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.839  
z (mm) peak 10.9  
fs (MPa) ultimate 0.974  
z (mm) ultimate 26  
Normal stress at peak, σn,p 
(kPa) 
2640  
Normal stress at ultimate, σn,u 
(kPa) 
2168  
Dilation at peak, Vp (mm) 2.7  





Table C171 Cont. CNS direct shear test information and data 
 



























C172: Test CNS172 
 
 
Test No.: S1RU2003 
Database ID No.: CNS172 
Original Reference: Gu (2001) 
 
Table C172 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 551.7  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.244  
z (mm) peak 16.5  
fs (MPa) ultimate 1.516  
z (mm) ultimate 28.4  
Normal stress at peak, σn,p 
(kPa) 
2486  
Normal stress at ultimate, σn,u 
(kPa) 
2765  
Dilation at peak, Vp (mm) 1.2  





Table C172 Cont. CNS direct shear test information and data 
 
































C173: Test CNS173 
 
 
Test No.: S1RU2004 
Database ID No.: CNS173 
Original Reference: Gu (2001) 
 
Table C173 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 1320  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.614  
z (mm) peak 7  
fs (MPa) ultimate 0.707  
z (mm) ultimate 24.15  
Normal stress at peak, σn,p 
(kPa) 
3520  
Normal stress at ultimate, σn,u 
(kPa) 
1196  
Dilation at peak, Vp (mm) 1  





Table C173 Cont. CNS direct shear test information and data 
 

































C174: Test CNS174 
 
 
Test No.: S1RU2005 
Database ID No.: CNS174 
Original Reference: Gu (2001) 
 
Table C174 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 1303.45  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.341  
z (mm) peak 6.3  
fs (MPa) ultimate 0.829  
z (mm) ultimate 23.75  
Normal stress at peak, σn,p 
(kPa) 
3188  
Normal stress at ultimate, σn,u 
(kPa) 
1562  
Dilation at peak, Vp (mm) 0.94  





Table C174 Cont. CNS direct shear test information and data 
 

































C175: Test CNS175 
 
 
Test No.: S2RU2006 
Database ID No.: CNS175 
Original Reference: Gu (2001) 
 
Table C175 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 1091.4  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.18  
z (mm) peak 5.2  
fs (MPa) ultimate 0.668  
z (mm) ultimate 28  
Normal stress at peak, σn,p 
(kPa) 
2192  
Normal stress at ultimate, σn,u 
(kPa) 
969  
Dilation at peak, Vp (mm) 1.1  





Table C175 Cont. CNS direct shear test information and data 
 

































C176: Test CNS176 
 
 
Test No.: S2RU2007 
Database ID No.: CNS176 
Original Reference: Gu (2001) 
 
Table C176 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1586.5  
Initial Normal Stress (kPa) 200  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 50 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.402  
z (mm) peak 7.3  
fs (MPa) ultimate 0.194  
z (mm) ultimate 23.2  
Normal stress at peak, σn,p 
(kPa) 
1376  
Normal stress at ultimate, σn,u 
(kPa) 
782  
Dilation at peak, Vp (mm) 1.12  





Table C176 Cont. CNS direct shear test information and data 
 
 
































C177: Test CNS177 
 
 
Test No.: S2RU2008 
Database ID No.: CNS177 
Original Reference: Gu (2008) 
 
Table C177 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1186.6  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.627  
z (mm) peak 7.2  
fs (MPa) ultimate 0.385  
z (mm) ultimate 22.9  
Normal stress at peak, σn,p 
(kPa) 
1281  
Normal stress at ultimate, σn,u 
(kPa) 
759  
Dilation at peak, Vp (mm) 1.31  





Table C177 Cont. CNS direct shear test information and data 
 































C178: Test CNS178 
 
 
Test No.: S2RU2009 
Database ID No.: CNS178 
Original Reference: Gu (2001) 
 
Table C178 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1838.1  
Initial Normal Stress (kPa) 800  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.238  
z (mm) peak 7.4  
fs (MPa) ultimate 0.696  
z (mm) ultimate 22.5  
Normal stress at peak, σn,p 
(kPa) 
1795  
Normal stress at ultimate, σn,u 
(kPa) 
1135  
Dilation at peak, Vp (mm) 1.2  





Table C178 Cont. CNS direct shear test information and data 
 

































C179: Test CNS179 
 
 
Test No.: S1RU2010 
Database ID No.: CNS179 
Original Reference: Gu (2001) 
 
Table C179 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1301.52  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.704  
z (mm) peak 10  
fs (MPa) ultimate 1.246  
z (mm) ultimate 20.9  
Normal stress at peak, σn,p 
(kPa) 
2398  
Normal stress at ultimate, σn,u 
(kPa) 
2414  
Dilation at peak, Vp (mm) 2.23  





Table C179 Cont. CNS direct shear test information and data 
 

































C180: Test CNS180 
 
 
Test No.: S2RU2011 
Database ID No.: CNS180 
Original Reference: Gu (2001) 
 
Table C180 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 833.3  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l 
=16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.515  
z (mm) peak 9.9  
fs (MPa) ultimate 0.919  
z (mm) ultimate 21.7  
Normal stress at peak, σn,p 
(kPa) 
2202  
Normal stress at ultimate, σn,u 
(kPa) 
1954  
Dilation at peak, Vp (mm) 2.33  





Table C180 Cont. CNS direct shear test information and data 
 
































C181: Test CNS181 
 
 
Test No.: S3RU2012 
Database ID No.: CNS181 
Original Reference: Gu (2001) 
 
Table C181 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 6460.3  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.805  
z (mm) peak 10.6  
fs (MPa) ultimate 1.258  
z (mm) ultimate 24  
Normal stress at peak, σn,p 
(kPa) 
2181  
Normal stress at ultimate, σn,u 
(kPa) 
2344  
Dilation at peak, Vp (mm) 2.7  





Table C181 Cont. CNS direct shear test information and data 
 
 

































C182: Test CNS182 
 
 
Test No.: S3RU2013 
Database ID No.: CNS182 
Original Reference: Gu (2001) 
 
Table C182 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 1904.3  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.564  
z (mm) peak 1.25  
fs (MPa) ultimate 0.213  
z (mm) ultimate 21.4  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
400  
Dilation at peak, Vp (mm) 0.7  





Table C182 Cont. CNS direct shear test information and data 
 



























C183: Test CNS183 
 
 
Test No.: S3RU2014 
Database ID No.: CNS183 
Original Reference: Gu (2001) 
 
Table C183 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 1510  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 5.342  
z (mm) peak 6.3  
fs (MPa) ultimate 1.417  
z (mm) ultimate 23.4  
Normal stress at peak, σn,p 
(kPa) 
3596  
Normal stress at ultimate, σn,u 
(kPa) 
2444  
Dilation at peak, Vp (mm) 1.13  





Table C183 Cont. CNS direct shear test information and data 
 
































C184: Test CNS184 
 
 
Test No.: S3RU2015 
Database ID No.: CNS184 
Original Reference: Gu (2001) 
 
Table C184 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1026.36  
Initial Normal Stress (kPa) 800  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max 2.934  
z (mm) max 10.5  
fs (MPa) peak   
z (mm) peak   
fs (MPa) ultimate   
z (mm) ultimate   
Normal stress at peak, σn,p 
(kPa) 
  
Normal stress at ultimate, σn,u 
(kPa) 
  
Dilation at peak, Vp (mm)   





Table C184 Cont. CNS direct shear test information and data 
 





















C185: Test CNS185 
 
 
Test No.: S3RU2016 
Database ID No.: CNS185 
Original Reference: Gu (2001) 
 
Table C185 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 492.4  
Initial Normal Stress (kPa) 200  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.733  
z (mm) peak 11.2  
fs (MPa) ultimate 0.952  
z (mm) ultimate 21.12  
Normal stress at peak, σn,p 
(kPa) 
2247  
Normal stress at ultimate, σn,u 
(kPa) 
1861  
Dilation at peak, Vp (mm) 2.48  





Table C185 Cont. CNS direct shear test information and data 
 





























C186: Test CNS186 
 
 
Test No.: S3RU2017 
Database ID No.: CNS186 
Original Reference: Gu (2001) 
 
Table C186 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 500  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.729  
z (mm) peak 10.2  
fs (MPa) ultimate 1.836  
z (mm) ultimate 13.2  
Normal stress at peak, σn,p 
(kPa) 
2031  
Normal stress at ultimate, σn,u 
(kPa) 
2628  
Dilation at peak, Vp (mm) 2.7  





Table C186 Cont. CNS direct shear test information and data 
 



























C187: Test CNS187 
 
 
Test No.: S3RU2020 
Database ID No.: CNS187 
Original Reference: Gu (2001) 
 
Table C187 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 854.7  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.603  
z (mm) peak 10.4  
fs (MPa) ultimate 0.745  
z (mm) ultimate 24.4  
Normal stress at peak, σn,p 
(kPa) 
2915  
Normal stress at ultimate, σn,u 
(kPa) 
1868  
Dilation at peak, Vp (mm) 3.04  





Table C187 Cont. CNS direct shear test information and data 
 
































C188: Test CNS188 
 
 
Test No.: S2RU2021 
Database ID No.: CNS188 
Original Reference: Gu (2001) 
 
Table C188 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 600  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
64 mm 
Asperity height (mm) 23.29  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.335  
z (mm) peak 14  
fs (MPa) ultimate 0.938  
z (mm) ultimate 45.4  
Normal stress at peak, σn,p 
(kPa) 
2882  
Normal stress at ultimate, σn,u 
(kPa) 
1180  
Dilation at peak, Vp (mm) 3.07  





Table C188 Cont. CNS direct shear test information and data 
 








































C189: Test CNS189 
 
 
Test No.: S2RU2022 
Database ID No.: CNS189 
Original Reference: Gu (2001) 
 
Table C189 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 600  
Initial Normal Stress (kPa) 800  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
64 mm 
Asperity height (mm) 23.29  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.197  
z (mm) peak 13.3  
fs (MPa) ultimate 1.003  
z (mm) ultimate 45.5  
Normal stress at peak, σn,p 
(kPa) 
2503  
Normal stress at ultimate, σn,u 
(kPa) 
1396  
Dilation at peak, Vp (mm) 2.25  





Table C189 Cont. CNS direct shear test information and data 
 



































C190: Test CNS190 
 
 
Test No.: S2RU2023 
Database ID No.: CNS190 
Original Reference: Gu (2001) 
 
Table C190 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 679.9  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
64 mm 
Asperity height (mm) 23.9  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.062  
z (mm) peak 14.5  
fs (MPa) ultimate 2.364  
z (mm) ultimate 43  
Normal stress at peak, σn,p 
(kPa) 
3957  
Normal stress at ultimate, σn,u 
(kPa) 
3342  
Dilation at peak, Vp (mm) 2.3  





Table C190 Cont. CNS direct shear test information and data 
 





































C191: Test CNS191 
 
 
Test No.: S2RU3001 
Database ID No.: CNS191 
Original Reference: Gu (2001) 
 
Table C191 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 2165.22  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 30 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 9.24  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.679  
z (mm) peak 4.7  
fs (MPa) ultimate 0.977  
z (mm) ultimate 11.7  
Normal stress at peak, σn,p 
(kPa) 
1107  
Normal stress at ultimate, σn,u 
(kPa) 
1505  
Dilation at peak, Vp (mm) 0.9  





Table C191 Cont. CNS direct shear test information and data 
 






























C192: Test CNS192 
 
 
Test No.: S2RU3002 
Database ID No.: CNS192 
Original Reference: Gu (2001) 
 
Table C192 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 2201  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 30 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 9.24  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.63  
z (mm) peak 4.6  
fs (MPa) ultimate 1.298  
z (mm) ultimate 9.8  
Normal stress at peak, σn,p 
(kPa) 
1966  
Normal stress at ultimate, σn,u 
(kPa) 
2091  
Dilation at peak, Vp (mm) 0.81  





Table C192 Cont. CNS direct shear test information and data 
 





























C193: Test CNS193 
 
 
Test No.: S2RU3003 
Database ID No.: CNS193 
Original Reference: Gu (2001) 
 
Table C193 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 1880.77  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 30 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 9.24  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.848  
z (mm) peak 6  
fs (MPa) ultimate 1.633  
z (mm) ultimate 10.7  
Normal stress at peak, σn,p 
(kPa) 
2817  
Normal stress at ultimate, σn,u 
(kPa) 
2525  
Dilation at peak, Vp (mm) 0.77  





Table C193 Cont. CNS direct shear test information and data 
 




























C194: Test CNS194 
 
 
Test No.: S2RU3004 
Database ID No.: CNS194 
Original Reference: Gu (2001) 
 
Table C194 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 6400  
Initial Slope (kPa/mm) 2015.9  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 30 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 9.24  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.736  
z (mm) peak 4.66  
fs (MPa) ultimate 2.077  
z (mm) ultimate 10.33  
Normal stress at peak, σn,p 
(kPa) 
3106  
Normal stress at ultimate, σn,u 
(kPa) 
3121  
Dilation at peak, Vp (mm) 0.35  





Table C194 Cont. CNS direct shear test information and data 
 



























C195: Test CNS195 
 
 
Test No.: S2RU3005 
Database ID No.: CNS195 
Original Reference: Gu (2001) 
 
Table C195 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 3150  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 30 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 9.24  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.28  
z (mm) peak 3.8  
fs (MPa) ultimate 1.5  
z (mm) ultimate 9.9  
Normal stress at peak, σn,p 
(kPa) 
1723  
Normal stress at ultimate, σn,u 
(kPa) 
2113  
Dilation at peak, Vp (mm) 1.68  





Table C195 Cont. CNS direct shear test information and data 
 





























C196: Test CNS196 
 
 
Test No.: S3RU3006 
Database ID No.: CNS196 
Original Reference: Gu (2001) 
 
Table C196 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 2291.43  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 30 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 9.24  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.802  
z (mm) peak 0.35  
fs (MPa) ultimate 0.225  
z (mm) ultimate 20.55  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
400  
Dilation at peak, Vp (mm) 0.62  





Table C196 Cont. CNS direct shear test information and data 
 



























C197: Test CNS197 
 
 
Test No.: S3RU4501 
Database ID No.: CNS197 
Original Reference: Gu (2001) 
 
Table C197 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 7770  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 45 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 16  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.027  
z (mm) peak 1.46  
fs (MPa) ultimate 0.535  
z (mm) ultimate 10.6  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
400  
Dilation at peak, Vp (mm) 2.2  





Table C197 Cont. CNS direct shear test information and data 
 























C198: Test CNS198 
 
 
Test No.: S3RU4502 
Database ID No.: CNS198 
Original Reference: Gu (2001) 
 
Table C198 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 1183.8  
Initial Normal Stress (kPa) 100  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 45 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 16  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 0.438  
z (mm) peak 0.37  
fs (MPa) ultimate 0.129  
z (mm) ultimate 12.4  
Normal stress at peak, σn,p 
(kPa) 
100  
Normal stress at ultimate, σn,u 
(kPa) 
100  
Dilation at peak, Vp (mm) 0.5  





Table C198 Cont. CNS direct shear test information and data 
 























C199: Test CNS199 
 
 
Test No.: S3RU4503 
Database ID No.: CNS199 
Original Reference: Gu (2001) 
 
Table C199 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 0  
Initial Slope (kPa/mm) 5320  
Initial Normal Stress (kPa) 1600  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 45 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 16  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.192  
z (mm) peak 0.6  
fs (MPa) ultimate 1.371  
z (mm) ultimate 11.9  
Normal stress at peak, σn,p 
(kPa) 
1600  
Normal stress at ultimate, σn,u 
(kPa) 
1600  
Dilation at peak, Vp (mm) 0.67  





Table C199 Cont. CNS direct shear test information and data 
 























C200: Test CNS200 
 
 
Test No.: S1FU0501 
Database ID No.: CNS200 
Original Reference: Gu (2001) 
 
Table C200 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1257.8  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.132  
z (mm) peak 9.9  
fs (MPa) ultimate 1.056  
z (mm) ultimate 24.5  
Normal stress at peak, σn,p 
(kPa) 
1091  
Normal stress at ultimate, σn,u 
(kPa) 
1605  
Dilation at peak, Vp (mm) 1.03  





Table C200 Cont. CNS direct shear test information and data 
 



























C201: Test CNS201 
 
 
Test No.: S1FU0502 
Database ID No.: CNS201 
Original Reference: Gu (2001) 
 
Table C201 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 1713  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.452  
z (mm) peak 12.7  
fs (MPa) ultimate 1.358  
z (mm) ultimate 25  
Normal stress at peak, σn,p 
(kPa) 
1600  
Normal stress at ultimate, σn,u 
(kPa) 
1854  
Dilation at peak, Vp (mm) 0.88  





Table C201 Cont. CNS direct shear test information and data 
 



























C202: Test CNS202 
 
 
Test No.: S1FU0503 
Database ID No.: CNS202 
Original Reference: Gu (2001) 
 
Table C202 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 474  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.462  
z (mm) peak 16.5  
fs (MPa) ultimate 1.912  
z (mm) ultimate 24.7  
Normal stress at peak, σn,p 
(kPa) 
2607  
Normal stress at ultimate, σn,u 
(kPa) 
2000  
Dilation at peak, Vp (mm) 0.7  





Table C202 Cont. CNS direct shear test information and data 
 































C203: Test CNS203 
 
 
Test No.: S2FU0504 
Database ID No.: CNS203 
Original Reference: Gu (2001) 
 
Table C203 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 1048.65  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.963  
z (mm) peak 10.1  
fs (MPa) ultimate 1.832  
z (mm) ultimate 21.6  
Normal stress at peak, σn,p 
(kPa) 
2357  
Normal stress at ultimate, σn,u 
(kPa) 
2715  
Dilation at peak, Vp (mm) 0.65  





Table C203 Cont. CNS direct shear test information and data 
 





























C204: Test CNS204 
 
 
Test No.: S2FU7501 
Database ID No.: CNS204 
Original Reference: Gu (2001) 
 
Table C204 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1565  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 7.5 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.253  
z (mm) peak 9  
fs (MPa) ultimate 1.065  
z (mm) ultimate 24.6  
Normal stress at peak, σn,p 
(kPa) 
1727  
Normal stress at ultimate, σn,u 
(kPa) 
1847  
Dilation at peak, Vp (mm) 1.4  





Table C204 Cont. CNS direct shear test information and data 
 



























C205: Test CNS205 
 
 
Test No.: S1FU7502 
Database ID No.: CNS205 
Original Reference: Gu (2001) 
 
Table C205 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1090.3  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 7.5 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.386  
z (mm) peak 11.13  
fs (MPa) ultimate 1.103  
z (mm) ultimate 24.4  
Normal stress at peak, σn,p 
(kPa) 
1680  
Normal stress at ultimate, σn,u 
(kPa) 
1799  
Dilation at peak, Vp (mm) 1.8  





Table C205 Cont. CNS direct shear test information and data 
 
 





























C206: Test CNS206 
 
 
Test No.: S2FU1001 
Database ID No.: CNS206 
Original Reference: Gu (2001) 
 
Table C206 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1639  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.514  
z (mm) peak 9.9  
fs (MPa) ultimate 1.431  
z (mm) ultimate 21  
Normal stress at peak, σn,p 
(kPa) 
1481  
Normal stress at ultimate, σn,u 
(kPa) 
1810  
Dilation at peak, Vp (mm) 1.48  





Table C206 Cont. CNS direct shear test information and data 
 




























C207: Test CNS207 
 
 
Test No.: S1FU1501 
Database ID No.: CNS207 
Original Reference: Gu (2001) 
 
Table C207 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1863.64  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.577  
z (mm) peak 4.9  
fs (MPa) ultimate 1.346  
z (mm) ultimate 24.5  
Normal stress at peak, σn,p 
(kPa) 
780  
Normal stress at ultimate, σn,u 
(kPa) 
2069  
Dilation at peak, Vp (mm) 0.96  





Table C207 Cont. CNS direct shear test information and data 
 
 



























C208: Test CNS208 
 
 
Test No.: S2FU1502 
Database ID No.: CNS208 
Original Reference: Gu (2001) 
 
Table C208 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1334.5  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.729  
z (mm) peak 9.2  
fs (MPa) ultimate 1.499  
z (mm) ultimate 23.9  
Normal stress at peak, σn,p 
(kPa) 
1522  
Normal stress at ultimate, σn,u 
(kPa) 
2062  
Dilation at peak, Vp (mm) 1.5  





Table C208 Cont. CNS direct shear test information and data 
 






























C209: Test CNS209 
 
 
Test No.: S2FU1503 
Database ID No.: CNS209 
Original Reference: Gu (2001) 
 
Table C209 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 2010  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.232  
z (mm) peak 9.7  
fs (MPa) ultimate 2.679  
z (mm) ultimate 25  
Normal stress at peak, σn,p 
(kPa) 
2916  
Normal stress at ultimate, σn,u 
(kPa) 
3548  
Dilation at peak, Vp (mm) 0.83  





Table C209 Cont. CNS direct shear test information and data 
 
 

































C210: Test CNS210 
 
 
Test No.: S2FU1504 
Database ID No.: CNS210 
Original Reference: Gu (2001) 
 
Table C210 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1566.67  
Initial Normal Stress (kPa) 200  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.61  
z (mm) peak 7  
fs (MPa) ultimate 1.631  
z (mm) ultimate 24.2  
Normal stress at peak, σn,p 
(kPa) 
1443  
Normal stress at ultimate, σn,u 
(kPa) 
2108  
Dilation at peak, Vp (mm) 1.3  





Table C210 Cont. CNS direct shear test information and data 
 






























C211: Test CNS211 
 
 
Test No.: S2FU1505 
Database ID No.: CNS211 
Original Reference: Gu (2001) 
 
Table C211 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 2335.48  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.395  
z (mm) peak 9.2  
fs (MPa) ultimate 2.088  
z (mm) ultimate 23.9  
Normal stress at peak, σn,p 
(kPa) 
2301  
Normal stress at ultimate, σn,u 
(kPa) 
2327  
Dilation at peak, Vp (mm) 1.18  





Table C211 Cont. CNS direct shear test information and data 
 





























C212: Test CNS212 
 
 
Test No.: S2FU1506 
Database ID No.: CNS212 
Original Reference: Gu (2001) 
 
Table C212 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 2457.14  
Initial Normal Stress (kPa) 800  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.929  
z (mm) peak 5.1  
fs (MPa) ultimate 1.507  
z (mm) ultimate 23.1  
Normal stress at peak, σn,p 
(kPa) 
1570  
Normal stress at ultimate, σn,u 
(kPa) 
2113  
Dilation at peak, Vp (mm) 0.74  





Table C212 Cont. CNS direct shear test information and data 
 































C213: Test CNS213 
 
 
Test No.: S3RB0509 
Database ID No.: CNS213 
Original Reference: Gu (2001) 
 
Table C213 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 5505  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 1.4  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.308  
z (mm) peak 0.27  
fs (MPa) ultimate 0.642  
z (mm) ultimate 5.22  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
727  
Dilation at peak, Vp (mm) 0.01  





Table C213 Cont. CNS direct shear test information and data 
 
 






















C214: Test CNS214 
 
 
Test No.: S3RB1005 
Database ID No.: CNS214 
Original Reference: Gu (2001) 
 
Table C214 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 2371.43  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular triangular, l = 16 mm 
Asperity height (mm) 2.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.765  
z (mm) peak 15.3  
fs (MPa) ultimate 0.992  
z (mm) ultimate 23.3  
Normal stress at peak, σn,p 
(kPa) 
1963  
Normal stress at ultimate, σn,u 
(kPa) 
1795  
Dilation at peak, Vp (mm) 1.75  





Table C214 Cont. CNS direct shear test information and data 
 



























C215: Test CNS215 
 
 
Test No.: S3RB1006 
Database ID No.: CNS215 
Original Reference: Gu (2001) 
 
Table C215 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 1940  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular triangular profile, l = 
16 
Asperity height (mm) 2.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.762  
z (mm) peak 15  
fs (MPa) ultimate 1.609  
z (mm) ultimate 24.3  
Normal stress at peak, σn,p 
(kPa) 
2841  
Normal stress at ultimate, σn,u 
(kPa) 
2957  
Dilation at peak, Vp (mm) 1.5  





Table C215 Cont. CNS direct shear test information and data 
 



























C216: Test CNS216 
 
 
Test No.: S3RB1007 
Database ID No.: CNS216 
Original Reference: Gu (2001) 
 
Table C216 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 3403  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 2.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.73  
z (mm) peak 15.8  
fs (MPa) ultimate 2.539  
z (mm) ultimate 25.2  
Normal stress at peak, σn,p 
(kPa) 
4000  
Normal stress at ultimate, σn,u 
(kPa) 
3972  
Dilation at peak, Vp (mm) 1.1  





Table C216 Cont. CNS direct shear test information and data 
 



























C217: Test CNS217 
 
 
Test No.: S3RB2024 
Database ID No.: CNS217 
Original Reference: Gu (2001) 
 
Table C217 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 2609  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3  
z (mm) peak 10.8  
fs (MPa) ultimate 0.958  
z (mm) ultimate 24  
Normal stress at peak, σn,p 
(kPa) 
2394  
Normal stress at ultimate, σn,u 
(kPa) 
2038  
Dilation at peak, Vp (mm) 2.5  





Table C217 Cont. CNS direct shear test information and data 
 


































C218: Test CNS218 
 
 
Test No.: S3RB2025 
Database ID No.: CNS218 
Original Reference: Gu (2001) 
 
Table C218 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 5916  
Initial Normal Stress (kPa) 800  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.142  
z (mm) peak 10.2  
fs (MPa) ultimate 1.078  
z (mm) ultimate 24.4  
Normal stress at peak, σn,p 
(kPa) 
2673  
Normal stress at ultimate, σn,u 
(kPa) 
2189  
Dilation at peak, Vp (mm) 20  





Table C218 Cont. CNS direct shear test information and data 
 

































C219: Test CNS219 
 
 
Test No.: S3RB2026 
Database ID No.: CNS219 
Original Reference: Gu (2001) 
 
Table C219 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 3666.7  
Initial Normal Stress (kPa) 200  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.744  
z (mm) peak 10.9  
fs (MPa) ultimate 1.203  
z (mm) ultimate 24.6  
Normal stress at peak, σn,p 
(kPa) 
1817  
Normal stress at ultimate, σn,u 
(kPa) 
2246  
Dilation at peak, Vp (mm) 1.8  





Table C219 Cont. CNS direct shear test information and data 
 
































C220: Test CNS220 
 
 
Test No.: S3RB2027 
Database ID No.: CNS220 
Original Reference: Gu (2001) 
 
Table C220 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 2948  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 4.265  
z (mm) peak 9.2  
fs (MPa) ultimate 1.388  
z (mm) ultimate 24  
Normal stress at peak, σn,p 
(kPa) 
3468  
Normal stress at ultimate, σn,u 
(kPa) 
2617  
Dilation at peak, Vp (mm) 1.9  





Table C220 Cont. CNS direct shear test information and data 
 

































C221: Test CNS221 
 
 
Test No.: S3RB2028 
Database ID No.: CNS221 
Original Reference: Gu (2001) 
 
Table C221 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 4308  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 20 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 5.82  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 5.323  
z (mm) peak 9  
fs (MPa) ultimate 1.223  
z (mm) ultimate 23.3  
Normal stress at peak, σn,p 
(kPa) 
4630  
Normal stress at ultimate, σn,u 
(kPa) 
2241  
Dilation at peak, Vp (mm) 1.53  





Table C221 Cont. CNS direct shear test information and data 
 
































C222: Test CNS222 
 
 
Test No.: S3RB3007 
Database ID No.: CNS222 
Original Reference: Gu (2001) 
 
Table C222 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 25871  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 30 Regular triangular profile, l = 
16 mm 
Asperity height (mm) 9.24  
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.893  
z (mm) peak 3.44  
fs (MPa) ultimate 0.852  
z (mm) ultimate 12.8  
Normal stress at peak, σn,p 
(kPa) 
1665  
Normal stress at ultimate, σn,u 
(kPa) 
1337  
Dilation at peak, Vp (mm) 1.5  





Table C222 Cont. CNS direct shear test information and data 
 
 


























C223: Test CNS223 
 
 
Test No.: S2FB0505 
Database ID No.: CNS223 
Original Reference: Gu (2001) 
 
Table C223 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 10709  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 5 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.178  
z (mm) peak 0.11  
fs (MPa) ultimate 1.189  
z (mm) ultimate 15.7  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
1489  
Dilation at peak, Vp (mm) 0.4  





Table C223 Cont. CNS direct shear test information and data 
 
























C224: Test CNS224 
 
 
Test No.: S2FB1002 
Database ID No.: CNS224 
Original Reference: Gu (2001) 
 
Table C224 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 3200  
Initial Slope (kPa/mm) 7721.7  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Fractal profile. l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 3.026  
z (mm) peak 4.5  
fs (MPa) ultimate 2.561  
z (mm) ultimate 23  
Normal stress at peak, σn,p 
(kPa) 
2475  
Normal stress at ultimate, σn,u 
(kPa) 
3885  
Dilation at peak, Vp (mm) 0.6  





Table C224 Cont. CNS direct shear test information and data 
 
































C225: Test CNS225 
 
 
Test No.: S2FB1003 
Database ID No.: CNS225 
Original Reference: Gu (2001) 
 
Table C225 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 9250  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 1.85  
z (mm) peak 0.2  
fs (MPa) ultimate 1.409  
z (mm) ultimate 18.3  
Normal stress at peak, σn,p 
(kPa) 
772  
Normal stress at ultimate, σn,u 
(kPa) 
1860  
Dilation at peak, Vp (mm) 0.34  





Table C225 Cont. CNS direct shear test information and data 
 



























C226: Test CNS226 
 
 
Test No.: S2FB1004 
Database ID No.: CNS226 
Original Reference: Gu (2001) 
 
Table C226 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 1600  
Initial Slope (kPa/mm) 6915  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 10 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.35  
z (mm) peak 9.2  
fs (MPa) ultimate 1.807  
z (mm) ultimate 23.7  
Normal stress at peak, σn,p 
(kPa) 
2532  
Normal stress at ultimate, σn,u 
(kPa) 
2708  
Dilation at peak, Vp (mm) 1.4  





Table C226 Cont. CNS direct shear test information and data 
 






























C227: Test CNS227 
 
 
Test No.: S2FB1507 
Database ID No.: CNS227 
Original Reference: Gu (2001) 
 
Table C227 CNS direct shear test information and data 
 
Item Value  Comments 
Lithology Sandstone  
Normal Stiffness (kPa/mm) 800  
Initial Slope (kPa/mm) 1380.6  
Initial Normal Stress (kPa) 400  
Poisson’s Ratio, ν 0.1  
Equivalent Socket Diameter 
(m) 
  
Water Content (%)   
Unconfined compressive 
strength for rock, qu (MPa) 
16.9  
f’c of concrete cap (MPa) 40 Ec = 30 GPa 
Rock friction angle (degree) 50  
Modulus of deformation 
(MPa) 
4500  
α = fs/qu (Ultimate OR Max)   
Asperity angle (degree) 15 Fractal profile, l = 16 mm 
Asperity height (mm)   
Interface dilation angle 
(degree) 
  
fs (MPa) max   
z (mm) max   
fs (MPa) peak 2.025  
z (mm) peak 0.001  
fs (MPa) ultimate 1.64  
z (mm) ultimate 17.7  
Normal stress at peak, σn,p 
(kPa) 
400  
Normal stress at ultimate, σn,u 
(kPa) 
1689  
Dilation at peak, Vp (mm) 0  





Table C227 Cont. CNS direct shear test information and data 
 


































ROCK MECHANICS DATABASES 
 






































































































































































Modulus (Mpa) mass 
or intact Type of Modulus Type of Modulus Test
72.39 Intact Unconfined (UC)
33.78 Intact Unconfined (UC)
9.31 Intact Unconfined (UC)
24.82 Intact Unconfined (UC)
106.87 Intact Unconfined (UC)
82.74 Intact Unconfined (UC)
86.18 Intact Unconfined (UC)
121.35 Intact Unconfined (UC)
21.37 Intact Unconfined (UC)
42.75 Intact Unconfined (UC)
18.62 Intact Unconfined (UC)
65.50 Intact Unconfined (UC)
123.42 Intact Unconfined (UC)
225.46 Intact Unconfined (UC)
40.27 Intact Unconfined (UC)
515.73 Intact Unconfined (UC)
121.69 Intact Unconfined (UC)
140.65 Intact Unconfined (UC)
71.71 Intact Unconfined (UC)
301.99 Intact Unconfined (UC)
449.13 Mass 3 ft plate Ee
516.28 Mass 3 ft plate Ee
830.23 Mass 3 ft plate Ee
1625.79 Mass 3 ft plate Ee
2689.67 Mass 3 ft plate Ee
1717.34 Mass 3 ft plate Ee
2921.01 Mass 3 ft plate Ee
1715.28 Mass 3 ft plate Ee
3357.70 Mass 3 ft plate Ee
2204.93 Mass 3 ft plate Ee
3263.06 Mass 3 ft plate Ee
2464.61 Mass 3 ft plate Ee
9701.13 Mass 3 ft plate Ee
7540.24 Mass 3 ft plate Ee
2199.34 Mass 3 ft plate Ee
4184.89 Mass 3 ft plate Ee
6362.06 Mass 3 ft plate Ee
36.13 Mass 3 ft plate Ey
46.44 Mass 3 ft plate Ey
123.68 Mass 3 ft plate Ey











































Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)
Lake and Simons (1969)





































































































Modulus (Mpa) mass 










17.95 Mass 5 ft plate
21.82 Mass 5 ft plate
42.56 Mass 5 ft plate
10.49 Mass 5 ft plate
21.08 Mass 5 ft plate
34.91 Mass 5 ft plate
66.49 Mass 5 ft plate
56.09 Mass 5 ft plate
106.40 Mass 5 ft plate
79.92 Mass 5 ft plate
75.51 Mass 5 ft plate
184.37 Mass 5 ft plate













































Rowe and Armitage (1984)
3519
 



















































































San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico
San Juan, Puerto Rico

















































































0.63 Unconfined (UC) 50.56 Intact Unconfined (UC)
0.22 Unconfined (UC) 8.67 Intact Unconfined (UC)
0.11 Unconfined (UC) 7.85 Intact Unconfined (UC)
0.50 Unconfined (UC) 26.19 Intact Unconfined (UC)
0.26 Unconfined (UC) 13.31 Intact Unconfined (UC)
0.90 Unconfined (UC) 61.29 Intact Unconfined (UC)
0.71 Unconfined (UC) 29.59 Intact Unconfined (UC)
4.18 Unconfined (UC) 363.55 Intact Unconfined (UC)
1.85 Unconfined (UC) 249.26 Intact Unconfined (UC)
2.61 Unconfined (UC) 446.86 Intact Unconfined (UC)
3.27 Unconfined (UC) 419.91 Intact Unconfined (UC)
1.30 Unconfined (UC) 209.86 Intact Unconfined (UC)
1.69 Unconfined (UC) 249.17 Intact Unconfined (UC)
9.33 Unconfined (UC) 1092.62 Intact Unconfined (UC)
































Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
Engeling and Reese (1974)
0.39 Kahraman (2001)
0.42 Kahraman (2001)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
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claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 





















Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment




















































0.57 Pressuremeter 122.09 Mass Pressuremeter
0.80 Pressuremeter 90.97 Mass Pressuremeter
0.46 Pressuremeter 90.97 Mass Pressuremeter
0.46 Pressuremeter 81.40 Mass Pressuremeter
0.74 Pressuremeter 153.22 Mass Pressuremeter
1.32 Pressuremeter 713.41 Mass Pressuremeter
Pressuremeter 684.68 Mass Pressuremeter
1.12 Pressuremeter 359.10 Mass Pressuremeter
0.82 Pressuremeter 225.04 Mass Pressuremeter
0.40 Unconfined (UC) 46.44 Mass Pressuremeter
0.59 Unconfined (UC) 122.09 Mass Pressuremeter
0.48 Unconfined (UC) 72.44 Mass Pressuremeter
0.50 Unconfined (UC) 86.18 Mass Pressuremeter
3.06 Unconfined (UC) 529.07 Mass Pressuremeter
0.63 Unconfined (UC) 122.09 Mass Pressuremeter
0.80 Unconfined (UC) 153.22 Mass Pressuremeter
1.96 Unconfined (UC) Mass Pressuremeter
17.40 Unconfined (UC) 380.00 Mass Plate load test
7.50 Unconfined (UC) 220.00 Mass Plate load test
2.17 UC 204.00 intact UC
1.88 UC 256.00 intact UC
2.02 UC 117.00 intact UC
0.82 UC 56.00 intact UC
1.38 UC 126.00 intact UC
0.95 UC 46.00 intact UC
1.08 UC 68.00 intact UC
1.19 UC 97.00 intact UC
2.99 UC 112.00 intact UC
2.75 UC 160.00 intact UC
1.51 UC 73.00 intact UC
3.27 UC 133.00 intact UC
2.59 UC 175.00 intact UC
1.02 UC 57.00 intact UC
4.06 UC 309.00 intact UC
1.91 UC 84.00 intact UC
1.11 UC 44.00 intact UC
2.07 UC 174.00 intact UC
1.90 UC 177.00 intact UC
0.82 UC 51.00 intact UC
2.37 UC 95.00 intact UC
2.14 UC 174.00 intact UC
1.21 UC 65.00 intact UC
0.92 UC 43.00 intact UC
2.36 UC 195.00 intact UC




















































Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Chern et al (2004)




















































































claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
claystone and mudstone 
Rock Formation/site
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment
Turkey, Acmalar member of Danisment









































































2.51 UC 116.00 intact UC
1.66 UC 100.00 intact UC
1.50 UC 100.00 intact UC
1.83 UC 101.00 intact UC
2.49 UC 179.00 intact UC
0.89 UC 48.00 intact UC
0.88 UC 30.00 intact UC
2.02 UC 251.00 intact UC
0.68 UC 31.00 intact UC
1.33 UC 57.00 intact UC
3.15 UC 288.00 intact UC
2.54 UC 217.00 intact UC
0.80 UC 37.00 intact UC
1.20 UC 64.00 intact UC
1.73 UC 107.00 intact UC
0.91 UC 51.00 intact UC
2.70 UC 190.00 intact UC
1.54 UC 87.00 intact UC
3.69 UC 207.00 intact UC
1.99 UC 79.00 intact UC
1.53 UC 76.00 intact UC
2.83 UC 192.00 intact UC
1.34 UC 56.00 intact UC
1.94 UC 102.00 intact UC
1.09 UC 66.00 intact UC
3.43 UC 223.00 intact UC
2.03 UC 142.00 intact UC
2.54 UC 120.00 intact UC
2.90 UC 177.00 intact UC
1.80 UC 135.00 intact UC
1.58 UC 73.00 intact UC
1.74 UC 70.00 intact UC
2.67 UC 199.00 intact UC
2.58 UC 220.00 intact UC
1.83 UC 119.00 intact UC
1.42 UC 51.00 intact UC
2.46 UC 140.00 intact UC
2.09 UC 110.00 intact UC
1.83 UC 136.00 intact UC
2.05 UC 183.00 intact UC
1.31 Unconfined (UC) 129.16 Intact
1.52 Unconfined (UC) 124.22 Intact
1.86 Unconfined (UC) 114.88 Intact
1.64 Unconfined (UC) 145.38 Intact
2.02 Unconfined (UC) 146.88 Intact
1.70 Unconfined (UC) 199.00 Intact


































































































Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
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2.18 Unconfined (UC) 289.30 Intact
2.47 Unconfined (UC) 270.10 Intact
2.31 Unconfined (UC) 312.90 Intact
2.27 Unconfined (UC) 345.20 Intact
2.61 Unconfined (UC) 396.20 Intact
2.80 Unconfined (UC) 400.15 Intact
3.00 Unconfined (UC) 298.00 Intact
3.04 Unconfined (UC) 381.00 Intact
4.00 Unconfined (UC) 301.22 Intact
0.48 UU 61.70 Intact UU
0.46 UU 57.60 Intact UU
0.48 UU 39.28 Intact UU
0.52 UU 40.46 Intact UU
0.56 UU 44.64 Intact UU
0.62 UU 42.10 Intact UU
0.79 UU 49.77 Intact UU
0.71 UU 54.36 Intact UU
0.71 UU 73.70 Intact UU
0.83 UU 84.60 Intact UU
0.97 UU 87.15 Intact UU
0.71 UU 111.32 Intact UU
0.72 UU 122.80 Intact UU
1.20 UU 113.66 Intact UU
1.17 UU 146.71 Intact UU
1.38 UU 143.90 Intact UU
1.52 UU 294.76 Intact UU
3.12 Unconfined (UC) 124.40 Intact
4.45 Unconfined (UC) 385.12 Intact
3.79 Unconfined (UC) 559.11 Intact
6.40 Unconfined (UC) 1135.10 Intact
6.18 Unconfined (UC) 1450.80 Intact
6.90 Unconfined (UC) 1479.90 Intact
9.70 Unconfined (UC) 1050.26 Intact
11.96 Unconfined (UC) 1424.57 Intact
2.17 Unconfined (UC) 215.44 Intact
1.90 Unconfined (UC) 275.32 Intact
3.35 Unconfined (UC) 342.11 Intact
3.88 Unconfined (UC) 349.00 Intact


















Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
3523
 











































































4.46 Unconfined (UC) 433.30 Intact
4.64 Unconfined (UC) 468.70 Intact
3.40 Unconfined (UC) 647.70 Intact
4.39 Unconfined (UC) 635.44 Intact
6.00 Unconfined (UC) 773.80 Intact
11.26 Unconfined (UC) 1170.40 Intact
2.20 Unconfined (UC) 118.36 Intact
2.70 Unconfined (UC) 116.11 Intact
3.55 Unconfined (UC) 150.00 Intact
12.20 Unconfined (UC) 1969.80 Intact
0.12 Unconfined (UC) 15.87 Intact
0.14 Unconfined (UC) 15.11 Intact
0.14 Unconfined (UC) 9.80 Intact
0.16 Unconfined (UC) 11.80 Intact
0.16 Unconfined (UC) 16.00 Intact
0.17 Unconfined (UC) 16.50 Intact
0.21 Unconfined (UC) 22.00 Intact
0.21 Unconfined (UC) 24.70 Intact
0.24 Unconfined (UC) 22.60 Intact
0.29 Unconfined (UC) 28.40 Intact
0.32 Unconfined (UC) 31.00 Intact
0.34 Unconfined (UC) 39.25 Intact
0.53 Unconfined (UC) 53.80 Intact
0.58 Unconfined (UC) 66.12 Intact
0.62 Unconfined (UC) 70.15 Intact





























Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Yoshinaka and Yamabe (1981)
Deere and Miller (1967)
Deere and Miller (1967)
Deere and Miller (1967)
Deere and Miller (1967)
Deere and Miller (1967)
Deere and Miller (1967)
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RM8-513 443 conglomerate Conglomerate China
RM8-514 444 conglomerate Conglomerate China
RM8-515 450 conglomerate Conglomerate China
RM8-516 453 conglomerate Conglomerate China
RM8-517 454 conglomerate Conglomerate China
RM8-619 414 crust weathered crust China
RM8-622 417 crust weathered crust China
RM8-564 202 diabase Diabase China
RM8-565 203 diabase Diabase China
RM8-566 204 diabase Diabase China
RM8-562 163 diorite Diorite China
RM8-563 164 diorite Diorite China
RM21-57 4B Dolerite
RM8-482 190 dolomite Dolomite China
RM8-592 145 feldspar feldspar China
RM8-559 74 granite Granite China
RM8-560 75 granite Granite China
RM8-561 76 granite Granite China
RM8-601 256 granite granite China
RM21-1 4A Granite Hong Kong
RM21-2 4A Granite Hong Kong
RM21-3 4A Granite Hong Kong
RM21-4 4A Granite Hong Kong
RM21-5 4A Granite Hong Kong
RM21-6 4A Granite Hong Kong
RM21-7 4A Granite Hong Kong
RM21-8 4A Granite Hong Kong
RM21-9 4A Granite Hong Kong
RM21-10 4A Granite Hong Kong
RM21-11 4A Granite Hong Kong
RM21-12 4A Granite Hong Kong
RM21-13 4A Granite Hong Kong
RM21-14 4A Granite Hong Kong
RM21-15 4A Granite Hong Kong
RM21-16 4A Granite Hong Kong
RM21-17 4A Granite Hong Kong
RM21-18 4A Granite Hong Kong
RM21-19 4A Granite Hong Kong
RM21-20 4A Granite Hong Kong



































































































5510 Mass Plate load test
950 Mass Plate load test
64300 Mass Plate load test
5400 Mass Plate load test
1000 Mass Plate load test
430 Mass Plate load test
35100 Mass Plate load test
7600 Mass Plate load test
4900 Mass Plate load test
























Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Lumb (1983)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)






































RM21-22 4A Granite Hong Kong
RM21-23 4A Granite Hong Kong
RM21-24 4A Granite Hong Kong
RM21-25 4A Granite Hong Kong
RM21-26 4A Granite Hong Kong
RM21-27 4A Granite Hong Kong
RM21-28 4A Granite Hong Kong
RM21-29 4A Granite Hong Kong
RM21-30 4A Granite Hong Kong
RM21-31 4A Granite Hong Kong
RM21-32 4A Granite Hong Kong
RM21-33 4A Granite Hong Kong
RM21-34 4A Granite Hong Kong
RM21-35 4A Granite Hong Kong
RM21-36 4A Granite Hong Kong
RM21-37 4A Granite Hong Kong
RM21-38 4A Granite Hong Kong
RM21-39 4A Granite Hong Kong
RM21-40 4A Granite Hong Kong
RM21-41 4A Granite Hong Kong
RM21-42 4A Granite Hong Kong
RM21-58 6A Granite Hong Kong
RM21-59 6A Granite Hong Kong
RM21-60 6A Granite Hong Kong
RM21-61 6A Granite Hong Kong
RM21-62 6A Granite Hong Kong
RM21-63 6A Granite Hong Kong
RM21-64 6A Granite Hong Kong
RM21-65 6A Granite Hong Kong
RM21-66 6A Granite Hong Kong
RM21-67 6A Granite Hong Kong
RM21-68 6A Granite Hong Kong
RM21-69 6A Granite Hong Kong
RM21-70 6A Granite Hong Kong






















































































































































RM21-72 6A Granite Hong Kong
RM21-73 6A Granite Hong Kong
RM21-74 6A Granite Hong Kong
RM21-75 6A Granite Hong Kong
RM21-76 6A Granite Hong Kong
RM21-77 6A Granite Hong Kong
RM21-78 6A Granite Hong Kong
RM21-79 6A Granite Hong Kong
RM21-80 6A Granite Hong Kong
RM21-81 6A Granite Hong Kong
RM21-82 6A Granite Hong Kong
RM21-83 6A Granite Hong Kong
RM21-84 6A Granite Hong Kong
RM21-85 6A Granite Hong Kong
RM21-86 6A Granite Hong Kong
RM21-87 6A Granite Hong Kong
RM21-88 6A Granite Hong Kong
RM21-89 6A Granite Hong Kong
RM21-90 6A Granite Hong Kong
RM21-91 6A Granite Hong Kong
RM21-92 6A Granite Hong Kong
RM21-93 6A Granite Hong Kong
RM21-97 9 Granites Hong Kong
RM21-98 9 Granites Hong Kong
RM21-99 9 Granites Hong Kong
RM21-100 9 Granites Hong Kong
RM21-101 9 Granites Hong Kong
RM21-102 9 Granites Hong Kong
RM21-103 9 Granites Hong Kong








































0.98 UC 17.99 UC
1.5 UC 13.4 UC
1.3 UC 11.27 UC
1.05 UC 7.7 UC
0.48 UC 5.7 UC
0.48 UC 5 UC
0.48 UC 4.6 UC


















































































































































Limestone Eniwetok Reef Breccia Limestone Eniwetok Reef Breccia Limestone0.12


































































3300 Mass Plate load test
1440 Mass Plate load test







































Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Isik et al (2008)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)














































































































































































160 Mass Plate load test
180 Mass Plate load test
460 Mass Plate load test
140 Mass Plate load test
80 Mass Plate load test
100 Mass Plate load test
120 Mass Plate load test
130 Mass Plate load test
60 Mass Plate load test
70 Mass Plate load test
120 Mass Plate load test
110 Mass Plate load test
210 Mass Plate load test
33.3 Mass Plate load test
4.3 Mass Plate load test
4.3 Mass Plate load test
54.2 Mass Plate load test
9.7 Mass Plate load test
6.9 Mass Plate load test
59.5 Mass Plate load test
610.2 Mass Plate load test
3.3 Mass Plate load test
10.3 Mass Plate load test
59.2 Mass Plate load test
12.9 Mass Plate load test
1900 Mass Plate load test
21500 Mass Plate load test
6500 Mass Plate load test









































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
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2000 Mass Plate load test
1800 Mass Plate load test
4600 Mass Plate load test
Mass
220 Mass Plate load test
850 Mass Plate load test
2510 Mass Plate load test
























































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
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330 Mass Back-figured from DS load tests
473 Mass Back-figured from DS load tests
561 Mass Back-figured from DS load tests
141 Mass Back-figured from DS load tests
88 Mass Back-figured from DS load tests


























Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Leung and Radhakrishnan (1990)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
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83 Mass Back-figured from DS load tests
256 Mass Back-figured from DS load tests
473 Mass Back-figured from DS load tests
210 Mass Back-figured from DS load tests
143 Mass Back-figured from DS load tests
74 Mass Back-figured from DS load tests
165 Mass Back-figured from DS load tests
98 Mass Back-figured from DS load tests
97 Mass Back-figured from DS load tests
77 Mass Back-figured from DS load tests
513 Mass Back-figured from DS load tests
951 Mass Back-figured from DS load tests
803 Mass Back-figured from DS load tests
344 Mass Back-figured from DS load tests
321 Mass Back-figured from DS load tests
653 Mass Back-figured from DS load tests
420 Mass Back-figured from DS load tests
576 Mass Back-figured from DS load tests
866 Mass Back-figured from DS load tests
630 Mass Back-figured from DS load tests
355 Mass Back-figured from DS load tests
180 Mass Back-figured from DS load tests
714 Mass Back-figured from DS load tests
535 Mass Back-figured from DS load tests
573 Mass Back-figured from DS load tests
470 Mass Back-figured from DS load tests
1133 Mass Back-figured from DS load tests
251 Mass Back-figured from DS load tests
1155 Mass Back-figured from DS load tests
1139 Mass Back-figured from DS load tests
339 Mass Back-figured from DS load tests
1254 Mass Back-figured from DS load tests
1050 Mass Back-figured from DS load tests
91 Mass Back-figured from DS load tests











Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)























































































































































































































RM18-4 P-5616 Quartzose slightly weathered
RM1-2 1T-B 9.38 sandstone
RM1-9 3t-a 3.45 sandstone
RM1-16 4d-a 6.78 sandstone
RM1-18 4d-d 10.90 sandstone
RM1-19 4d-e 11.05 sandstone
RM1-20 4d-f 11.81 sandstone
RM1-21 4d-g 12.73 sandstone
RM1-22 4d-h 13.19 sandstone
RM1-23 4d-i 13.34 sandstone













































































Brazil, Portugal, Turkey and UK 20.09
Brazil, Portugal, Turkey and UK 20.03
Brazil, Portugal, Turkey and UK 18.99
Brazil, Portugal, Turkey and UK 18.12
Brazil, Portugal, Turkey and UK 17.42
Brazil, Portugal, Turkey and UK 16.96
Brazil, Portugal, Turkey and UK 16.21
Brazil, Portugal, Turkey and UK 16.32
Brazil, Portugal, Turkey and UK 16.15
Brazil, Portugal, Turkey and UK 16.27
Brazil, Portugal, Turkey and UK 15.05
Brazil, Portugal, Turkey and UK 13.72
Brazil, Portugal, Turkey and UK 14.36
Brazil, Portugal, Turkey and UK 14.13
Brazil, Portugal, Turkey and UK 13.54
Brazil, Portugal, Turkey and UK 12.96
Brazil, Portugal, Turkey and UK 13.43
Brazil, Portugal, Turkey and UK 10.88
Brazil, Portugal, Turkey and UK 12.34
Tarporley, UK 12.47
Pereira Barreto, Brazil 14.04
Cizre, Turkey 14.73
Pereira Barreto, Brazil 16.17
Bromsgrove, UK 16.46
































































1800.00 Mass Plate load test
2133.30 Mass Plate load test
8963.18 Intact
343.49 Intact Unconfined (UC)
460.70 Intact Unconfined (UC)
494.22 Intact Unconfined (UC)
2292.06 Intact Unconfined (UC)
1928.32 Intact Unconfined (UC)
2686.31 Intact Unconfined (UC)
2807.59 Intact Unconfined (UC)
1941.39 Intact Unconfined (UC)
2308.77 Intact Unconfined (UC)







100.00 Intact Unconfined (UC)
100.00 Intact Unconfined (UC)
100.00 Intact Unconfined (UC)
332.46 Intact Unconfined (UC)
406.16 Intact Unconfined (UC)
670.02 Intact Unconfined (UC)
3070.89 Intact Unconfined (UC)
725.17 Intact Unconfined (UC)
447.41 Intact Unconfined (UC)
355.76 Intact Unconfined (UC)
207.56 Intact Unconfined (UC)




























Chern et al (2004)
Chern et al (2004)
Wuerker (1956)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Abu-Hejleh et al (2003)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
Dobereiner and Freitas (1986)
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3450.00 Mass Plate load test
1570.00 Mass Plate load test
2800.00 Mass Plate load test
2300.00 Mass Plate load test
1570.00 Mass Plate load test
2590.00 Mass Plate load test
1250.00 Mass Plate load test
1690.00 Mass Plate load test
2080.00 Mass Plate load test
1910.00 Mass Plate load test
1970.00 Mass Plate load test
2050.00 Mass Plate load test
1200.00 Mass Plate load test
600.00 Mass Plate load test
660.00 Mass Plate load test
5100.00 Mass Plate load test
900.00 Mass Plate load test
110.00 Mass Plate load test
710.00 Mass Plate load test
1200.00 Mass Plate load test
1360.00 Mass Plate load test
350.00 Mass Plate load test
1100.00 Mass Plate load test
850.00 Mass Plate load test
2600.00 Mass Plate load test
870.00 Mass Plate load test
9600.00 Mass Plate load test
6000.00 Mass Plate load test
3640.00 Mass Plate load test
830.00 Mass Plate load test
710.00 Mass Plate load test
2600.00 Mass Plate load test
180.00 Mass Plate load test
1880.00 Mass Plate load test
2690.00 Mass Plate load test
1740.00 Mass Plate load test
1830.00 Mass Plate load test
3380.00 Mass Plate load test
2290.00 Mass Plate load test
630.00 Mass Plate load test
2430.00 Mass Plate load test
2010.00 Mass Plate load test
20400.00 Mass Plate load test
3640.00 Mass Plate load test
180.00 Mass Plate load test
1550.00 Mass Plate load test
3640.00 Mass Plate load test
530.00 Mass Plate load test

























































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
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10100.00 Mass Plate load test
810.00 Mass Plate load test
800.00 Mass Plate load test
2120.00 Mass Plate load test
2480.00 Mass Plate load test
2110.00 Mass Plate load test
580.00 Mass Plate load test
860.00 Mass Plate load test
1100.00 Mass Plate load test
850.00 Mass Plate load test
110.00 Mass Plate load test
350.00 Mass Plate load test
2740.00 Mass Plate load test
1120.00 Mass Plate load test
1918.40 Mass Plate load test
2221.70 Mass Plate load test
2811.70 Mass Plate load test
2870.00 Mass Plate load test
890.00 Mass Plate load test
1558.60 Mass Plate load test
2259.70 Mass Plate load test
1535.00 Mass Plate load test
2096.30 Mass Plate load test
1522.50 Mass Plate load test
952.50 Mass Plate load test
1086.30 Mass Plate load test
613.30 Mass Plate load test
2005.60 Mass Plate load test
1228.90 Mass Plate load test
966.70 Mass Plate load test
1624.40 Mass Plate load test
1355.40 Mass Plate load test
1093.80 Mass Plate load test
949.50 Mass Plate load test
1362.00 Mass Plate load test
696.00 Mass Plate load test
750.00 Mass Plate load test
277.20 Mass Plate load test
152.40 Mass Plate load test
836.80 Mass Plate load test
503.60 Mass Plate load test

























































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
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1020.00 Mass Plate load test
1185.50 Mass Plate load test
1561.60 Mass Plate load test
1059.30 Mass Plate load test
588.30 Mass Plate load test
729.20 Mass Plate load test
1178.50 Mass Plate load test
1115.40 Mass Plate load test
13.60 Mass Plate load test
101.40 Mass Plate load test
1021.40 Mass Plate load test
517.90 Mass Plate load test
47.60 Mass Plate load test
993.40 Mass Plate load test
441.30 Mass Plate load test
391.90 Mass Plate load test
560.00 Mass Plate load test
1181.30 Mass Plate load test
211.90 Mass Plate load test
705.50 Mass Plate load test
730.00 Mass Plate load test
97.60 Mass Plate load test
245.60 Mass Plate load test
640.50 Mass Plate load test
103.50 Mass Plate load test
6.60 Mass Plate load test
9.70 Mass Plate load test
529.40 Mass Plate load test
14.30 Mass Plate load test
344.40 Mass Plate load test
41.90 Mass Plate load test
1366.60 Mass Plate load test
1856.70 Mass Plate load test
575.00 Mass Plate load test
520.00 Mass Plate load test
378.40 Mass Plate load test
382.50 Mass Plate load test
469.30 Mass Plate load test
677.60 Mass Plate load test
559.60 Mass Plate load test
304.30 Mass Plate load test
530.80 Mass Plate load test
2257.50 Mass Plate load test
63.30 Mass Plate load test
1727.10 Mass Plate load test





























































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
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632.20 Mass Plate load test
1165.60 Mass Plate load test
848.00 Mass Plate load test
89.00 Mass Plate load test
181.80 Mass Plate load test
330.00 Mass Plate load test
470.00 Mass Plate load test
61.70 Mass Plate load test
156.20 Mass Plate load test
2.70 Mass Plate load test
53.80 Mass Plate load test
38.80 Mass Plate load test
611.80 Mass Plate load test
271.80 Mass Plate load test
6.10 Mass Plate load test
6.70 Mass Plate load test
2.00 Mass Plate load test
7.00 Mass Plate load test
4.40 Mass Plate load test
4.80 Mass Plate load test
6.60 Mass Plate load test
1.30 Mass Plate load test
1.30 Mass Plate load test
6.40 Mass Plate load test
5.20 Mass Plate load test
0.70 Mass Plate load test
12.50 Mass Plate load test
1.60 Mass Plate load test
1.40 Mass Plate load test
2.60 Mass Plate load test
6.50 Mass Plate load test
1.20 Mass Plate load test
2604.30 Mass Plate load test
1951.40 Mass Plate load test
1875.00 Mass Plate load test
1782.20 Mass Plate load test
2055.60 Mass Plate load test
890.00 Mass Plate load test
545.50 Mass Plate load test
1438.50 Mass Plate load test
842.90 Mass Plate load test
75.00 Mass Plate load test
5.50 Mass Plate load test
3.10 Mass Plate load test
1.60 Mass Plate load test
19.00 Mass Plate load test
11.10 Mass Plate load test
4.70 Mass Plate load test
4.10 Mass Plate load test
4.30 Mass Plate load test
8.50 Mass Plate load test




































































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
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1.00 Mass Plate load test
760.00 Mass Plate load test
1870.00 Mass Plate load test
2175.60 Mass Plate load test
780.70 Mass Plate load test
1329.80 Mass Plate load test
305.60 Mass Plate load test
120.50 Mass Plate load test
1100.00 Mass Plate load test
4730.00 Mass Plate load test
2950.00 Mass Plate load test
1929.80 Mass Plate load test
1195.70 Mass Plate load test
118.00 Mass Plate load test
83.30 Mass Plate load test
2169.40 Mass Plate load test
2985.50 Mass Plate load test
657.10 Mass Plate load test
1222.60 Mass Plate load test
1102.30 Mass Plate load test
1951.00 Mass Plate load test
240.40 Mass Plate load test
1224.50 Mass Plate load test
1623.90 Mass Plate load test
909.20 Mass Plate load test
1485.70 Mass Plate load test
1066.70 Mass Plate load test
323.40 Mass Plate load test
217.50 Mass Plate load test
802.90 Mass Plate load test
307.00 Mass Plate load test
1.70 Mass Plate load test
186.40 Mass Plate load test
102.90 Mass Plate load test
62.80 Mass Plate load test
2122.20 Mass Plate load test
4383.30 Mass Plate load test
4435.00 Mass Plate load test
19800.00 Mass Plate load test

































































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
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RM15-19 east-sec 1 sandstone





























Portugues dam, Puerto Rico
Portugues dam, Puerto Rico
Portugues dam, Puerto Rico
Portugues dam, Puerto Rico
Portugues dam, Puerto Rico
Portugues dam, Puerto Rico
Portugues dam, Puerto Rico












E Transvaal, South Africa
E Transvaal, South Africa
E Transvaal, South Africa
E Transvaal, South Africa
E Transvaal, South Africa
E Transvaal, South Africa





















































22300.00 Mass Plate load test
3900.00 Mass Plate load test
6700.00 Mass Plate load test
6500.00 Mass Plate load test
16000.00 Mass Plate load test
7600.00 Mass Plate load test
670.00 Mass Plate load test
25510.60 Mass Plate load test
3309.48 Mass Plate load test
1447.90 Mass Plate load test
13789.51 Mass Plate load test
15168.47 Mass Plate load test
1034.21 Mass Plate load test
28268.50 Mass Plate load test
6205.28 Mass Plate load test
232.00 Mass Back-figured from DS load tests
266.00 Mass Back-figured from DS load tests
271.00 Mass Back-figured from DS load tests
394.00 Mass Back-figured from DS load tests
337.00 Mass Back-figured from DS load tests
163.00 Mass Back-figured from DS load tests
325.00 Mass Back-figured from DS load tests
660.00 Mass Back-figured from DS load tests
160.00 Mass Back-figured from DS load tests
149.00 Mass Back-figured from DS load tests
106.00 Mass Back-figured from DS load tests
100.00 Mass Back-figured from DS load tests
188.00 Mass Back-figured from DS load tests
303.00 Mass Back-figured from DS load tests
100.00 Mass Back-figured from DS load tests
202.00 Mass Back-figured from DS load tests
638.00 Mass Back-figured from DS load tests
1532.00 Mass Back-figured from DS load tests
979.00 Mass Back-figured from DS load tests
801.00 Mass Back-figured from DS load tests
149.00 Mass Back-figured from DS load tests
184.00 Mass Back-figured from DS load tests



































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Stephens and Banks (1989)
Stephens and Banks (1989)
Stephens and Banks (1989)
Stephens and Banks (1989)
Stephens and Banks (1989)
Stephens and Banks (1989)
Stephens and Banks (1989)
Stephens and Banks (1989)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
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RM28-1 Triassic L. Keuper sandstone1 sandstone
RM28-2 Triassic L. Keuper sandstone2 sandstone






































































































































































































4.5 Mishra and Basu (2013)
Mishra and Basu (2013)
2.99 Mishra and Basu (2013)
























































































































































































































































































Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
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640.00 Mass Plate load test
820.00 Mass Plate load test
460.00 Mass Plate load test
220.00 Mass Plate load test
610.00 Mass Plate load test
1110.00 Mass Plate load test



















































Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
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I80 over aux sable creek
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Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek





































































Modulus Type of Modulus Test
0.31 UC 9.74 Intact UC
1.17 UC 35.07 Intact UC
2.73 UC 147.38 Intact UC
4.39 UC 358.88 Intact UC
1.08 UC 24.82 Intact UC
0.72 UU 23.51 Intact UU
1.17 UU 32.03 Intact UU
1.95 UU 58.46 Intact UU
0.86 UU 11.03 Intact UU
1.89 UU 141.52 Intact UU
5.27 UU 413.69 Intact UU
2.69 UU 113.37 Intact UU
0.62 UC 22.98 Intact UC
1.81 UC 94.80 Intact UC
0.41 UC 20.36 Intact UC
0.54 UC 30.34 Intact UC
0.15 UC 6.42 Intact UC
0.10 UC 6.07 Intact UC
1.64 UC 48.62 Intact UC
3.56 UC 133.84 Intact UC
2.81 UC 131.00 Intact UC
0.76 UU 30.23 Intact UU
0.18 UC 4.91 Intact UC
0.34 UC 11.69 Intact UC
0.42 UC 22.18 Intact UC
0.14 UC 6.82 Intact UC
0.41 UC 24.13 Intact UC
0.36 UC 16.25 Intact UC
0.56 UC 13.01 Intact UC
1.75 UC 94.88 Intact UC
3.61 UC 352.85 Intact UC
0.24 UU 12.17 Intact UU
0.38 UU 9.48 Intact UU
0.15 UU 9.63 Intact UU
1.01 UU 44.94 Intact UU
0.76 UC 33.45 Intact UC
0.30 UC 6.55 Intact UC
1.91 UC 81.58 Intact UC
2.29 UC 85.01 Intact UC
1.50 UC 78.54 Intact UC
3.29 UC 149.50 Intact UC
1.60 UC 57.05 Intact UC
2.15 UU 84.30 Intact UU
0.36 UU 15.56 Intact UU
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Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
Illinois 23 over short point creek
US 24 over Lamoine River
US 24 over Lamoine River
US 24 over Lamoine River
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US 24 over Lamoine River
US 24 over Lamoine River
US 24 over Lamoine River
US 24 over Lamoine River
US 24 over Lamoine River
US 24 over Lamoine River
Rock river juncture, Pennsylvanian shale
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Modulus Type of Modulus Test
0.36 UU 14.21 Intact UU
2.26 UU 90.32 Intact UU
1.00 UU 26.28 Intact UU
7.23 UU 355.77 Intact UU
10.51 UU 376.70 Intact UU
4.68 UC 277.07 Intact UC
3.83 UC 186.16 Intact UC
1.55 UC 38.63 Intact UC
3.18 UC 135.24 Intact UC
2.01 UC 63.59 Intact UC
1.63 UC 56.71 Intact UC
0.91 UC 26.97 Intact UC
1.59 UC 52.33 Intact UC
4.15 UU 157.78 Intact UU
4.30 UU 186.16 Intact UU
3.90 UU 167.44 Intact UU
1.65 UU 68.95 Intact UU
3.13 UU 84.94 Intact UU
1.85 UU 54.94 Intact UU
1.77 UU 42.88 Intact UU
1.30 UU 40.42 Intact UU
3.50 UU 111.63 Intact UU
6.07 UU 390.70 Intact UU
0.21 UU 0.068 10.12 Intact UU
0.34 UU 0.068 13.50 Intact UU
0.51 UU 0.068 26.42 Intact UU
0.69 UU 0.068 42.68 Intact UU
1.32 UU 0.068 96.46 Intact UU
1.61 UU 0.068 106.17 Intact UU
0.69 UU 0.068 96.46 Intact UU
0.69 UU 0.068 122.61 Intact UU
1.08 UU 0.068 148.54 Intact UU
1.26 UU 0.068 179.96 Intact UU
1.46 UU 0.068 155.84 Intact UU
1.20 UU 0.068 228.75 Intact UU
1.39 UU 0.068 218.03 Intact UU
1.39 UU 0.068 198.09 Intact UU
1.54 UU 0.068 218.03 Intact UU
1.54 UU 0.068 264.15 Intact UU
S-Test 3.65 Intact S-Test
One dimentional consolidation6.12 Intact One dimentional consolidation
S-Test 9.10 Intact S-Test
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Rock river juncture, Pennsylvanian shale
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Modulus Type of Modulus Test
One dimentional consolidation17.88 Intact One dimentional consolidation
Q-test 27.67 Intact Q-test
Q-test 42.82 Intact Q-test
Q-test 98.56 Intact Q-test






S-test 20.95 Intact S-test
One dimentional consolidation19.36 Intact One dimentional consolidation
One dimentional consolidation41.15 Intact One dimentional consolidation
S-test 63.68 Intact S-test
S-test 68.95 Intact S-test
Q-test 120.20 Intact Q-test
Q-test 165.13 Intact Q-test
Q-test 193.55 Intact Q-test
Q-test 226.86 Intact Q-test
Q-test 255.56 Intact Q-test
Q-test 226.86 Intact Q-test









6.13 Intact One-dimentional consolidation
8.71 Intact S-test
14.47 Intact Q-test






















0.27579 20.14 Intact S-test 
18.60 Intact One-dimensional consolidation
39.55 Intact One-dimensional consolidation
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Rock river juncture, Pennsylvanian shale
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Modulus Type of Modulus Test





0.068948 120.20 Intact Q-test 





0.068948 158.70 Intact Q-test 
0.068948 178.78 Intact Q-test 
0.068948 193.55 Intact Q-test 
0.068948 226.86 Intact Q-test 
218.03 Mass Pressuremeter
0.068948 245.61 Intact Q-test 
0.068948 226.86 Intact Q-test 
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Modulus Type of Modulus Test
12.00 Unconfined (UC) 2680.00 Mass Plate load test
17.90 Unconfined (UC) 890.00 Mass Plate load test
18.00 Unconfined (UC) 1310.00 Mass Plate load test
3.10 Unconfined (UC) 970.00 Mass Plate load test
8.20 Unconfined (UC) 3810.00 Mass Plate load test
15.50 Unconfined (UC) 8060.00 Mass Plate load test
5.00 Unconfined (UC) 420.00 Mass Plate load test
9.50 Unconfined (UC) 1200.00 Mass Plate load test
6.40 Unconfined (UC) 1070.00 Mass Plate load test
5.00 Unconfined (UC) 420.00 Mass Plate load test
8.90 Unconfined (UC) 460.00 Mass Plate load test
12.70 Unconfined (UC) 1430.00 Mass Plate load test
6.00 Unconfined (UC) 1050.00 Mass Plate load test
1.40 Unconfined (UC) 480.00 Mass Plate load test
3.60 Unconfined (UC) 70.00 Mass Plate load test
12.70 Unconfined (UC) 1430.00 Mass Plate load test
6.40 Unconfined (UC) 1070.00 Mass Plate load test
8.90 Unconfined (UC) 460.00 Mass Plate load test
6.00 Unconfined (UC) 1050.00 Mass Plate load test
1.40 Unconfined (UC) 480.00 Mass Plate load test
12.50 Unconfined (UC) 2750.00 Mass Plate load test
10.40 Unconfined (UC) 1260.00 Mass Plate load test
16.00 Unconfined (UC) 660.00 Mass Plate load test
13.80 Unconfined (UC) 1490.00 Mass Plate load test
6.90 Unconfined (UC) 390.00 Mass Plate load test
11.30 Unconfined (UC) 2320.00 Mass Plate load test
14.40 Unconfined (UC) 1060.00 Mass Plate load test
17.10 Unconfined (UC) 4130.00 Mass Plate load test
16.00 Unconfined (UC) 2330.00 Mass Plate load test
8.10 Unconfined (UC) 2650.00 Mass Plate load test
20.30 Unconfined (UC) 12540.00 Mass Plate load test
9.10 Unconfined (UC) 2700.00 Mass Plate load test
7.40 Unconfined (UC) 5460.00 Mass Plate load test
15.40 Unconfined (UC) 5780.00 Mass Plate load test
8.70 Unconfined (UC) 6790.00 Mass Plate load test
4.30 Unconfined (UC) 400.00 Mass Plate load test
3.80 Unconfined (UC) 440.00 Mass Plate load test
2.90 Unconfined (UC) 340.00 Mass Plate load test
3.50 Unconfined (UC) 960.00 Mass Plate load test
8.79 Unconfined (UC) 3139.30 Mass Plate load test
7.10 Unconfined (UC) 2448.30 Mass Plate load test
5.42 Unconfined (UC) 1464.90 Mass Plate load test
6.76 Unconfined (UC) 1827.00 Mass Plate load test
10.70 Unconfined (UC) 2743.60 Mass Plate load test
8.68 Unconfined (UC) 1808.30 Mass Plate load test
10.28 Unconfined (UC) 1803.50 Mass Plate load test
1.20 Unconfined (UC) 206.90 Mass Plate load test
5.00 Unconfined (UC) 847.50 Mass Plate load test
6.61 Unconfined (UC) 1101.70 Mass Plate load test
15.65 Unconfined (UC) 2565.60 Mass Plate load test
3.06 Unconfined (UC) 382.50 Mass Plate load test
18.80 Unconfined (UC) 2112.40 Mass Plate load test
3.06 Unconfined (UC) 340.00 Mass Plate load test
7.80 Unconfined (UC) 866.70 Mass Plate load test
8.60 Unconfined (UC) 945.10 Mass Plate load test
19.40 Unconfined (UC) 2020.80 Mass Plate load test
6.10 Unconfined (UC) 628.90 Mass Plate load test
9.36 Unconfined (UC) 936.00 Mass Plate load test
7.70 Unconfined (UC) 747.60 Mass Plate load test
9.90 Unconfined (UC) 908.30 Mass Plate load test
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Modulus Type of Modulus Test
9.50 Unconfined (UC) 863.60 Mass Plate load test
10.70 Unconfined (UC) 914.50 Mass Plate load test
8.00 Unconfined (UC) 678.00 Mass Plate load test
5.60 Unconfined (UC) 474.60 Mass Plate load test
11.50 Unconfined (UC) 974.60 Mass Plate load test
7.10 Unconfined (UC) 596.60 Mass Plate load test
15.40 Unconfined (UC) 1294.10 Mass Plate load test
3.56 Unconfined (UC) 273.80 Mass Plate load test
7.43 Unconfined (UC) 571.50 Mass Plate load test
7.73 Unconfined (UC) 594.60 Mass Plate load test
9.60 Unconfined (UC) 738.50 Mass Plate load test
3.56 Unconfined (UC) 254.30 Mass Plate load test
4.20 Unconfined (UC) 281.90 Mass Plate load test
7.50 Unconfined (UC) 487.00 Mass Plate load test
10.40 Unconfined (UC) 642.00 Mass Plate load test
2.17 Unconfined (UC) 127.60 Mass Plate load test
5.70 Unconfined (UC) 316.70 Mass Plate load test
8.00 Unconfined (UC) 423.30 Mass Plate load test
5.10 Unconfined (UC) 265.60 Mass Plate load test
0.10 Unconfined (UC) 5.10 Mass Plate load test
5.30 Unconfined (UC) 266.30 Mass Plate load test
19.55 Unconfined (UC) 888.60 Mass Plate load test
0.36 Unconfined (UC) 15.70 Mass Plate load test
1.39 Unconfined (UC) 51.50 Mass Plate load test
0.54 Unconfined (UC) 16.40 Mass Plate load test
0.10 Unconfined (UC) 2.40 Mass Plate load test
0.15 Unconfined (UC) 1.70 Mass Plate load test
0.11 Unconfined (UC) 0.50 Mass Plate load test
1.70 Unconfined (UC) 141.70 Mass Plate load test
3.97 Unconfined (UC) 189.00 Mass Plate load test
0.14 Unconfined (UC) 4.70 Mass Plate load test
5.13 Unconfined (UC) 732.90 Mass Plate load test
1.49 Unconfined (UC) 186.30 Mass Plate load test
18.22 Unconfined (UC) 1656.40 Mass Plate load test
10.41 Unconfined (UC) 800.80 Mass Plate load test
9.18 Unconfined (UC) 655.70 Mass Plate load test
2.51 Unconfined (UC) 156.90 Mass Plate load test
2.64 Unconfined (UC) 155.30 Mass Plate load test
3.46 Unconfined (UC) 182.10 Mass Plate load test
13.10 Unconfined (UC) 1637.50 Mass Plate load test
4.24 Unconfined (UC) 902.10 Mass Plate load test
1.52 Unconfined (UC) 97.20 Mass Plate load test
1.07 Unconfined (UC) 109.80 Mass Plate load test
2.58 Unconfined (UC) 348.10 Mass Plate load test





9.80 Unconfined (UC) 2700.00 Mass Plate load test
18.00 Unconfined (UC)
19.00 Unconfined (UC) 500.00 Mass Plate load test
6.70 Unconfined (UC) 1900.00 Mass Plate load test
11.10 Unconfined (UC)
10.00 Unconfined (UC) 3300.00 Mass Plate load test
5.20 Unconfined (UC)
15.00 Unconfined (UC) 830.00 Mass Plate load test
16.70 Unconfined (UC) 2400.00 Mass Plate load test
16.70 Unconfined (UC) 4700.00 Mass Plate load test
8.40 Unconfined (UC) 9800.00 Mass Plate load test
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Lisman formation shales I, II, III and Uniontown loack and Dam
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Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Lisman formation shales I, II, III and Uniontown loack and Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam






































































Modulus Type of Modulus Test
6.75 Unconfined (UC) 397.00 Mass Back-figured from DS load tests
6.75 Unconfined (UC) 283.00 Mass Back-figured from DS load tests
6.75 Unconfined (UC) 270.00 Mass Back-figured from DS load tests
6.75 Unconfined (UC) 377.00 Mass Back-figured from DS load tests
6.75 Unconfined (UC) 443.00 Mass Back-figured from DS load tests
0.48 Unconfined (UC) 99.00 Mass Back-figured from DS load tests
15.20 Unconfined (UC) 384.00 Mass Back-figured from DS load tests
15.20 Unconfined (UC) 331.00 Mass Back-figured from DS load tests













11.00 Direct shear tests on precut specimen
15.00 Direct shear tests on precut specimen
11.00 Direct shear tests on precut specimen
13.00 Direct shear tests on precut specimen
13.00 Direct shear tests on precut specimen
18.00 Direct shear tests on precut specimen
14.00 Direct shear tests on precut specimen
24.00 Direct shear tests on precut specimen
11.00 Direct shear tests on precut specimen
10.00 Direct shear tests on precut specimen
9.00 Direct shear tests on precut specimen
11.00 Direct shear tests on precut specimen
11.00 Direct shear tests on precut specimen
15.00 Direct shear tests on precut specimen
10.00 Direct shear tests on precut specimen
11.00 Direct shear tests on precut specimen
13.00 Direct shear tests on precut specimen
20.00 Direct shear tests on precut specimen
27.00 Direct shear tests on precut specimen
12.00 Direct shear tests on precut specimen
12.00 Direct shear tests on precut specimen
19.00 Direct shear tests on precut specimen
10.00 Direct shear tests on precut specimen
10.00 Direct shear tests on precut specimen
7.00 Direct shear tests on precut specimen
7.00 Direct shear tests on precut specimen
7.00 Direct shear tests on precut specimen
21.00 Direct shear tests on precut specimen
7.00 Direct shear tests on precut specimen
9.00 Direct shear tests on precut specimen
15.00 Direct shear tests on precut specimen
5.00 Direct shear tests on precut specimen
19.00 Direct shear tests on precut specimen
22.00 Direct shear tests on precut specimen
21.00 Direct shear tests on precut specimen
8.00 Direct shear tests on precut specimen
7.00 Direct shear tests on precut specimen
8.00 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
5.00 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
4.80 Direct shear tests on precut specimen
14.70 Direct shear tests on precut specimen
15.10 Direct shear tests on precut specimen
10.00 Direct shear tests on precut specimen
RMR Reference
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Rowe and Armitage (1984)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
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Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Dawson Shale, Chatfield Dam
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Cucaracha shale, Hodges Hill, Panama Canal zone II
Interoceanic Canal Route shales, Cucaracha shale, Route 14
Interoceanic Canal Route shales, Cucaracha shale, Route 14
Interoceanic Canal Route shales, Cucaracha shale, Route 14
Interoceanic Canal Route shales, Cucaracha shale, Route 14
Interoceanic Canal Route shales, Cucaracha shale, Route 14
Interoceanic Canal Route shales, Cucaracha shale, Route 14










































































19.60 Direct shear tests on precut specimen
10.30 Direct shear tests on precut specimen
7.30 Direct shear tests on precut specimen
6.40 Direct shear tests on precut specimen
10.30 Direct shear tests on precut specimen
9.10 Direct shear tests on precut specimen
6.90 Direct shear tests on precut specimen
9.10 Direct shear tests on precut specimen
23.40 Direct shear tests on precut specimen
8.60 Direct shear tests on precut specimen
20.50 Direct shear tests on precut specimen
7.60 Direct shear tests on precut specimen
32.00 Direct shear tests on precut specimen
10.50 Direct shear tests on precut specimen
32.10 Direct shear tests on precut specimen
16.00 Direct shear tests on precut specimen
9.50 Direct shear tests on precut specimen
8.50 Direct shear tests on precut specimen
9.50 Direct shear tests on precut specimen
7.50 Direct shear tests on precut specimen
8.50 Direct shear tests on precut specimen
7.00 Direct shear tests on precut specimen
7.50 Direct shear tests on precut specimen
8.00 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
9.00 Direct shear tests on precut specimen
8.00 Direct shear tests on precut specimen
9.00 Direct shear tests on precut specimen
19.00 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
6.50 Direct shear tests on precut specimen
9.50 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
7.50 Direct shear tests on precut specimen
6.50 Direct shear tests on precut specimen
4.50 Direct shear tests on precut specimen
RMR Reference
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
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Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Soft altered volcanic rock, Route 10
Sabana shale, Route 17
Sabana shale, Route 17
Sabana shale, Route 17
Sabana shale, Route 17
Rio Salado shale, route 25
Rio Salado shale, route 25
Rio Salado shale, route 25
Rio Salado shale, route 25
Rio Salado shale, route 25
Rio Salado shale, route 25
Rio Salado shale, route 25
Rio Salado shale, route 25
Rio Salado shale, route 25
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island
Mississippi river crossing of interstate 280, Rock Island



















































































5.50 Direct shear tests on precut specimen
6.50 Direct shear tests on precut specimen
5.00 Direct shear tests on precut specimen
4.50 Direct shear tests on precut specimen
7.50 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
6.50 Direct shear tests on precut specimen
4.00 Direct shear tests on precut specimen
5.50 Direct shear tests on precut specimen
5.00 Direct shear tests on precut specimen
5.50 Direct shear tests on precut specimen
7.00 Direct shear tests on precut specimen
7.50 Direct shear tests on precut specimen
6.50 Direct shear tests on precut specimen
9.00 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
6.50 Direct shear tests on precut specimen
5.00 Direct shear tests on precut specimen
7.50 Direct shear tests on precut specimen
8.50 Direct shear tests on precut specimen
8.00 Direct shear tests on precut specimen
9.00 Direct shear tests on precut specimen
10.50 Direct shear tests on precut specimen
6.00 Direct shear tests on precut specimen
RMR Reference
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Townsend and Gilbert (1974)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
Mesri and Gibala (1971)
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RM1-17 4d-c 9.22 siltstone
RM2-1 Prelim bore siltstone
RM2-2 Block 1/A siltstone
RM2-3 Block 1/B siltstone
RM2-4 Block 1/C siltstone
RM2-5 Block 1/D siltstone
RM2-6 Block 2/A siltstone
RM2-7 Block 2/B siltstone
RM2-8 Block 2/C siltstone
RM2-9 Block 2/D siltstone
RM2-10 Block 2/E siltstone
RM2-11 Block 2/F siltstone
























































































































































































36.00 4.07 Unconfined (UC) 526.82 Intact Unconfined (UC)
0.91 UU 0.70 71.00 Intact UU
0.95 UU 0.70 UU
1.06 UU 0.70 UU
0.77 UU 0.70 85.00 Intact UU
1.05 UU 0.70 116.00 Intact UU
1.25 UU 0.70 229.00 Intact UU
0.93 UU 0.70 152.00 Intact UU
0.98 UU 0.70 155.00 Intact UU
0.86 UU 0.70 146.00 Intact UU
1.07 UU 0.70 160.00 Intact UU
1.33 UU 0.70 250.00 Intact UU


















1.73 UU 0.70 300.00 Intact UU
1.35 UU 0.70 143.00 Intact UU
2.62 UU 0.70 428.00 Intact UU
1.52 UU 0.70 200.00 Intact UU
1.38 UU 0.70 175.00 Intact UU
1.63 UU 0.70 190.00 Intact UU
1.33 UU 0.70 102.00 Intact UU
1.93 UU 0.70 328.00 Intact UU
1.21 UU 0.70 UU
0.85 UU 0.70 UU
4.49 UU 5.75 1029.00 Intact UU
5.30 UU 4.00 1091.00 Intact UU
3.72 UU 3.00 1176.00 Intact UU
5.86 UU 2.00 1230.00 Intact UU
3.17 UU 0.70 827.00 Intact UU
4.14 UU 2.00 781.00 Intact UU
6.02 UU 5.00 1404.00 Intact UU
0.94 UU 0.00 337.00 Intact UU
3.01 UU 0.70 783.00 Intact UU
1.51 UU 0.00 671.00 Intact UU
1.03 UU 0.00 377.00 Intact UU
1.20 UU 0.00 493.00 Intact UU
15.26 UU 0.70
15.00 UU 0.70
































































































































































































































































































































































































































































































































































































































































































































































































































































0.21 Drained TX 0.00 140.00 Intact Drained TX
4.15 Drained TX 3.00 200.00 Intact Drained TX
1.20 Drained TX 0.70 273.00 Intact Drained TX
0.84 Drained TX 0.00 Drained TX
5.16 Drained TX 3.00 300.00 Intact Drained TX
2.67 Drained TX 0.76 556.00 Intact Drained TX
6.74 Drained TX 4.41 570.00 Intact Drained TX
3.12 Drained TX 1.49 590.00 Intact Drained TX
5.63 Drained TX 2.74 727.00 Intact Drained TX
0.75 Drained TX 0.00 218.00 Intact Drained TX
8.28 Drained TX 5.00 452.00 Intact Drained TX
4.49 Drained TX 1.52 560.00 Intact Drained TX
1.41 Drained TX 0.00 Drained TX
12.80 Drained TX 7.00 570.00 Intact Drained TX
4.30 Drained TX 1.50 385.00 Intact Drained TX
1.26 Drained TX 0.00 290.00 Intact Drained TX
7.02 Drained TX 3.00 950.00 Intact Drained TX
5.48 Drained TX 1.50 851.00 Intact Drained TX
6.96 Drained TX 3.00 770.00 Intact Drained TX
12.59 Drained TX 7.10 1000.00 Intact Drained TX
1.41 Drained TX 0.00 405.00 Intact Drained TX
5.70 Drained TX 1.50 740.00 Intact Drained TX
4.00 Drained TX 0.70 515.00 Intact Drained TX
13.64 Drained TX 7.00 910.00 Intact Drained TX
2.80 Drained TX 0.70 480.00 Intact Drained TX
4.02 Drained TX 1.50 590.00 Intact Drained TX
8.56 Drained TX 5.00 720.00 Intact Drained TX
3.26 Drained TX 0.70 1000.00 Intact Drained TX
4.62 Drained TX 2.00 1600.00 Intact Drained TX
Drained TX 0.00 1000.00 Intact Drained TX
7.60 Drained TX 3.00 1200.00 Intact Drained TX
2.98 Drained TX 0.00 1380.00 Intact Drained TX
5.22 Drained TX 0.70 2070.00 Intact Drained TX
3.39 Drained TX 1.00 1480.00 Intact Drained TX
Drained TX 0.00 1420.00 Intact Drained TX
7.37 Drained TX 3.00 540.00 Intact Drained TX
3.47 Drained TX 0.70 2020.00 Intact Drained TX
6.02 Drained TX 2.00 850.00 Intact Drained TX
11.08 Drained TX 5.00 1570.00 Intact Drained TX
6.37 Drained TX 2.00 1460.00 Intact Drained TX
2.31 Drained TX 0.00 1230.00 Intact Drained TX
5.15 Drained TX 3.80 213.00 Intact Drained TX
0.70 Drained TX 0.00 220.00 Intact Drained TX
7.60 Drained TX 6.90 229.00 Intact Drained TX
6.15 Drained TX 4.15 207.00 Intact Drained TX
11.89 Drained TX 10.55
1.44 Drained TX 0.33

















































































RM2-200 SIM 1 siltstone
RM2-201 SIM 2 siltstone
RM2-202 SIM 3 siltstone
RM2-203 SIM 4 siltstone
RM2-204 SIM 5 siltstone
RM2-205 SIM 6 siltstone





RM2-211 1 2.25 siltstone
RM2-212 2 3.4 siltstone
RM2-213 3 8.7 siltstone
RM2-214 4 10.1 siltstone
RM2-215 5 10.7 siltstone
RM2-216 6 10.7 siltstone
RM2-217 7 10.7 siltstone









RM2-227 Stanley Avenue South Bore 1.9 siltstone
RM2-228 Stanley Avenue South Bore 2.5 siltstone
RM2-229 Stanley Avenue South Bore 2.8 siltstone
RM2-230 Stanley Avenue South Bore 2.9 siltstone
RM2-231 Stanley Avenue South Bore 2.9 siltstone
RM2-232 Stanley Avenue South Bore 3.7 siltstone
RM2-233 Stanley Avenue South Bore 3.7 siltstone
RM2-234 Middleborough road 2.6 siltstone
RM2-235 Middleborough road 3.4 siltstone
RM2-236 Westgate Freeway Bore 303/2 38.75 siltstone
RM2-237 Westgate Freeway Bore 303/3 39 siltstone
RM2-238 Westgate Freeway Bore 303/4 40.85 siltstone
RM2-239 Westgate Freeway Bore 303/5 41.15 siltstone
RM2-240 Westgate Freeway Bore 303/6 41.65 siltstone






































Stanley Avenue South Bore
Stanley Avenue South Bore
Stanley Avenue South Bore
Stanley Avenue South Bore
Stanley Avenue South Bore
Stanley Avenue South Bore
Stanley Avenue South Bore
Middleborough road
Middleborough road
Westgate Freeway Bore 303/2
Westgate Freeway Bore 303/3
Westgate Freeway Bore 303/4
Westgate Freeway Bore 303/5
Westgate Freeway Bore 303/6

















































































1.94 Drained TX 0.52
2.39 Drained TX 1.20
3.79 Drained TX 2.50
3.50 Drained TX 2.03
1.87 Drained TX 0.70
3.09 Drained TX 1.89




























0.05 Brazilian Tensile Test 
0.05 Brazilian Tensile Test 
0.19 Brazilian Tensile Test 
0.10 Brazilian Tensile Test 
0.06 Brazilian Tensile Test 
0.12 Brazilian Tensile Test 
0.12 Brazilian Tensile Test 
0.08 Brazilian Tensile Test 
0.40 Brazilian Tensile Test 
0.34 Brazilian Tensile Test 
0.31 Brazilian Tensile Test 
0.44 Brazilian Tensile Test 
0.54 Brazilian Tensile Test 
0.28 Brazilian Tensile Test 
0.45 Brazilian Tensile Test 
Type of Test 
for Peak 
Friction angle
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test
Drained direct shear test








































































RM2-242 Westgate Freeway Bore 303/8 45.8 siltstone
RM2-243 Westgate Freeway Bore 303/9 47 siltstone
RM2-244 Westgate Freeway Bore 303/10 51.05 siltstone
RM2-245 Stanley Avenue 1.3 siltstone
RM2-246 Stanley Avenue 2.1 siltstone
RM2-247 Stanley Avenue 3.5 siltstone
RM2-248 Stanley Avenue 4.3 siltstone
RM2-249 Stanley Avenue 2.2 siltstone
RM2-250 Stanley Avenue 3 siltstone
RM2-251 Stanley Avenue 4 siltstone
RM2-252 Middlebrough road 12.8 siltstone
RM2-253 Middlebrough road 13.8 siltstone
RM2-254 Middlebrough road 14.8 siltstone
RM2-255 Middlebrough road 16.3 siltstone
RM2-256 Middlebrough road 17.1 siltstone
RM2-257 Westgate Freeway 36 siltstone
RM2-258 Westgate Freeway 37.5 siltstone
RM2-259 Westgate Freeway 38.5 siltstone
RM2-260 Westgate Freeway 40 siltstone































Westgate Freeway Bore 303/8
Westgate Freeway Bore 303/9



























































































































0.69 Brazilian Tensile Test 
0.57 Brazilian Tensile Test 
0.52 Brazilian Tensile Test 
1.62 Pressuremeter 180.00 Mass Pressuremeter
1.38 Pressuremeter 210.00 Mass Pressuremeter
1.48 Pressuremeter 117.00 Mass Pressuremeter
2.00 Pressuremeter 332.00 Mass Pressuremeter
1.06 Pressuremeter 110.00 Mass Pressuremeter
1.60 Pressuremeter 194.00 Mass Pressuremeter
1.80 Pressuremeter 300.00 Mass Pressuremeter
7.06 Pressuremeter 335.00 Mass Pressuremeter
7.54 Pressuremeter 455.00 Mass Pressuremeter
9.04 Pressuremeter 672.00 Mass Pressuremeter
7.30 Pressuremeter 400.00 Mass Pressuremeter
9.60 Pressuremeter 444.00 Mass Pressuremeter
2.68 Pressuremeter 367.00 Mass Pressuremeter
2.80 Pressuremeter 573.00 Mass Pressuremeter
2.34 Pressuremeter 2344.00 Mass Pressuremeter
2.46 Pressuremeter 1050.00 Mass Pressuremeter
2.82 Pressuremeter 1484.00 Mass Pressuremeter
9.80 Unconfined (UC) 870.00 Mass Plate load test
1.80 Unconfined (UC) 410.00 Mass Plate load test
13.20 Unconfined (UC) 730.00 Mass Plate load test
1.60 Unconfined (UC) 1610.00 Mass Plate load test
1.50 Unconfined (UC) 320.00 Mass Plate load test
1.50 Unconfined (UC) 310.00 Mass Plate load test
0.50 Unconfined (UC) 190.00 Mass Plate load test
0.50 Unconfined (UC) 1040.00 Mass Plate load test
1.00 Unconfined (UC) 4020.00 Mass Plate load test
0.80 Unconfined (UC) 590.00 Mass Plate load test
0.50 Unconfined (UC) 370.00 Mass Plate load test
15.20 Unconfined (UC) 6390.00 Mass Plate load test
7.40 Unconfined (UC) 6040.00 Mass Plate load test
20.00 Unconfined (UC) 9840.00 Mass Plate load test
20.00 Unconfined (UC) 9230.00 Mass Plate load test
11.20 Unconfined (UC) 2350.00 Mass Plate load test
19.90 Unconfined (UC) 10380.00 Mass Plate load test
14.30 Unconfined (UC) 9000.00 Mass Plate load test
17.20 Unconfined (UC) 11020.00 Mass Plate load test
7.40 Unconfined (UC) 11860.00 Mass Plate load test
19.50 Unconfined (UC) 12260.00 Mass Plate load test
0.06 Unconfined (UC) 2.10 Mass Plate load test
0.40 Unconfined (UC) 10.30 Mass Plate load test
4.60 Unconfined (UC) 920.00 Mass Plate load test
13.20 Unconfined (UC) 2200.00 Mass Plate load test
10.43 Unconfined (UC) 1490.00 Mass Plate load test
4.95 Unconfined (UC) 618.80 Mass Plate load test





























































Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
Chern et al (2004)
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20.10 Unconfined (UC) 2233.30 Mass Plate load test
15.20 Unconfined (UC) 1381.80 Mass Plate load test
5.32 Unconfined (UC) 443.30 Mass Plate load test
17.92 Unconfined (UC) 1337.30 Mass Plate load test
5.60 Unconfined (UC) 400.00 Mass Plate load test
7.90 Unconfined (UC) 496.90 Mass Plate load test
7.05 Unconfined (UC) 422.40 Mass Plate load test
0.12 Unconfined (UC) 4.30 Mass Plate load test
20.00 Unconfined (UC) 2857.10 Mass Plate load test
7.90 Unconfined (UC) 858.70 Mass Plate load test
9.60 Unconfined (UC) 813.60 Mass Plate load test




8.30 Unconfined (UC) 1200.00 Mass Plate load test
9.90 Unconfined (UC)
1.50 Unconfined (UC) 1200.00 Mass Plate load test
10.50 Unconfined (UC) 9700.00 Mass Plate load test
6.20 Unconfined (UC) 3200.00 Mass Plate load test
4.00 Unconfined (UC) 1200.00 Mass Plate load test
18.90 Unconfined (UC) 290.00 Mass Plate load test
18.90 Unconfined (UC) 2890.00 Mass Plate load test
18.90 Unconfined (UC) 200.00 Mass Plate load test
18.90 Unconfined (UC) 11100.00 Mass Plate load test
18.90 Unconfined (UC) 2130.00 Mass Plate load test
8.00 Unconfined (UC) 590.00 Mass Plate load test
8.00 Unconfined (UC) 1080.00 Mass Plate load test
15.00 Unconfined (UC) 1250.00 Mass Plate load test
6.50 Unconfined (UC) 1200.00 Mass Plate load test
7.00 Unconfined (UC) 1040.00 Mass Plate load test
7.50 Unconfined (UC) 920.00 Mass Plate load test
10.00 Unconfined (UC) 1400.00 Mass Plate load test
15.00 Unconfined (UC) 2190.00 Mass Plate load test
15.00 Unconfined (UC) 3360.00 Mass Plate load test
13.00 Unconfined (UC) 1660.00 Mass Plate load test
20.00 Unconfined (UC) 2700.00 Mass Plate load test
6.00 Unconfined (UC) 690.00 Mass Plate load test
10.00 Unconfined (UC) 760.00 Mass Plate load test
10.00 Unconfined (UC) 1850.00 Mass Plate load test
10.00 Unconfined (UC) 950.00 Mass Plate load test
10.00 Unconfined (UC) 1260.00 Mass Plate load test
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Rowe and Armitage (1984)
Wood and Shaw (2012)
Wood and Shaw (2012)
Wood and Shaw (2012)
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RM8-136 703 slate Slate Taiwan 0.12 0.5
RM8-137 704 slate Slate Taiwan 0.15 0.6
RM8-138 705 slate Slate Taiwan 0.13 0.5
RM8-139 706 slate Slate Taiwan 0.17
RM8-140 709 slate Slate Taiwan 0.03
RM8-141 710 slate Slate Taiwan 0.08
RM8-142 720 slate Slate Taiwan 0.53 0.6
RM8-143 722 slate Slate Taiwan 0.28 0.6
RM8-144 723 slate Slate Taiwan 0.24 0.7
RM8-145 725 slate Slate Taiwan 0.17 0.6
RM8-146 726 slate Slate Taiwan 0.25 0.6
RM8-147 729 slate Slate Taiwan 0.09 0.4
RM8-148 731 slate Slate Taiwan 0.18 0.4
RM8-149 733 slate Slate Taiwan 0.06 0.3
RM8-150 734 slate Slate Taiwan 0.24 0.6
RM8-151 735 slate Slate Taiwan 0.23 0.5
RM8-152 738 slate Slate Taiwan 0.36 0.3
RM8-407 415 slate Slate Taiwan 0.7
RM8-408 416 slate Slate Taiwan 0.5
RM8-409 417 slate Slate Taiwan 0.5
RM8-410 418 slate Slate Taiwan 0.5
RM8-411 420 slate Slate Taiwan 0.6
RM8-412 421 slate Slate Taiwan 0.6
RM8-413 422 slate Slate Taiwan 0.7
RM8-414 423 slate Slate Taiwan 0.6
RM8-415 425 slate Slate Taiwan
RM8-416 426 slate Slate Taiwan
RM8-417 428 slate Slate Taiwan
RM8-418 429 slate Slate Taiwan
RM8-419 430 slate Slate Taiwan
RM8-420 437 slate Slate Taiwan
RM8-421 438 slate Slate Taiwan
RM8-422 439 slate Slate Taiwan
RM8-423 442 slate Slate Taiwan 0.4
















































12310 Mass Plate load test
8090 Mass Plate load test
5000 Mass Plate load test
3000 Mass Plate load test
6860 Mass Plate load test
19360 Mass Plate load test
23000 Mass Plate load test
21900 Mass Plate load test
21600 Mass Plate load test
19700 Mass Plate load test
13300 Mass Plate load test
14790 Mass Plate load test
9810 Mass Plate load test
37090 Mass Plate load test
37370 Mass Plate load test
43960 Mass Plate load test
22850 Mass Plate load test
2178.3 Mass Plate load test
2807.9 Mass Plate load test
3519 Mass Plate load test
3345.7 Mass Plate load test
3485.7 Mass Plate load test
2107.5 Mass Plate load test
3512.1 Mass Plate load test
4378.9 Mass Plate load test
1635.8 Mass Plate load test
803.7 Mass Plate load test
3136.4 Mass Plate load test
1200 Mass Plate load test
2390.6 Mass Plate load test
2500 Mass Plate load test
2978.3 Mass Plate load test
2741.9 Mass Plate load test
2487.8 Mass Plate load test
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RM8-425 446 slate Slate Taiwan 0.3
RM8-426 449 slate Slate Taiwan 0.4
RM8-427 450 slate Slate Taiwan 0.6
RM8-428 451 slate Slate Taiwan 0.5
RM8-429 454 slate Slate Taiwan 0.4
RM8-430 455 slate Slate Taiwan 0.6
RM8-431 456 slate Slate Taiwan 0.5
RM8-432 457 slate Slate Taiwan 0.5
RM8-433 458 slate Slate Taiwan 0.6
RM8-434 459 slate Slate Taiwan 0.5
RM8-435 461 slate Slate Taiwan 0.5
RM8-436 462 slate Slate Taiwan 0.2
RM8-437 463 slate Slate Taiwan 0.5
RM8-438 464 slate Slate Taiwan 0.5
RM8-439 465 slate Slate Taiwan 0.7
RM8-440 479 slate Slate Taiwan 0.4
RM8-441 480 slate Slate Taiwan 0.5
RM8-442 481 slate Slate Taiwan 0.6
RM8-443 488 slate Slate Taiwan 0.4
RM8-444 490 slate Slate Taiwan 0.3
RM8-445 492 slate Slate Taiwan 0.2
RM8-448 501 slate Slate Taiwan 0.3
RM8-449 503 slate Slate Taiwan 0.4
RM8-450 506 slate Slate Taiwan 0.5
RM8-451 507 slate Slate Taiwan 0.3
RM8-452 508 slate Slate Taiwan 0.6
RM8-453 510 slate Slate Taiwan 0.3
RM8-454 513 slate Slate Taiwan 0.3
RM8-455 514 slate Slate Taiwan 0.4
RM8-456 516 slate Slate Taiwan 0.5
RM8-457 517 slate Slate Taiwan 0.3
RM8-568 37 slate Slate China
RM8-569 38 slate Slate China 4.98
RM8-570 39 slate Slate China 0.27
RM8-571 40 slate Slate China 0.2
RM8-572 41 slate Slate China 2.72


















































1527.8 Mass Plate load test
263.2 Mass Plate load test
581.4 Mass Plate load test
4535.7 Mass Plate load test
467.1 Mass Plate load test
266.7 Mass Plate load test
840.3 Mass Plate load test
1114.3 Mass Plate load test
166.7 Mass Plate load test
857.1 Mass Plate load test
362.7 Mass Plate load test
1557.4 Mass Plate load test
4029.4 Mass Plate load test
2911.8 Mass Plate load test
2933.3 Mass Plate load test
1716.7 Mass Plate load test
3155 Mass Plate load test
2321.4 Mass Plate load test
3646.7 Mass Plate load test
6626.7 Mass Plate load test
8580 Mass Plate load test
2494 Mass Plate load test
2870 Mass Plate load test
733.3 Mass Plate load test
1945 Mass Plate load test
2321.4 Mass Plate load test
6626.7 Mass Plate load test
2494 Mass Plate load test
2870 Mass Plate load test
733.3 Mass Plate load test
1945 Mass Plate load test
20000 Mass Plate load test
37300 Mass Plate load test
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RM35-1 1 1 CSA mine, Cobar, NSW, Australia Siltstone, chloritic slate 360 16.6 1.46 Worotnicki and Denham (1976)
RM35-2 1 2 CSA mine, Cobar, NSW, Australia Siltstone, chloritic slate 360 8 1.30 Worotnicki and Denham (1976)
RM35-3 1 3 CSA mine, Cobar, NSW, Australia Siltstone, chloritic slate 540 15.2 1.70 Worotnicki and Denham (1976)
RM35-4 1 4 CSA mine, Cobar, NSW, Australia Siltstone, chloritic slate 330 10 1.40 Worotnicki and Denham (1976)
RM35-5 1 5 CSA mine, Cobar, NSW, Australia Siltstone, chloritic slate 455 11 1.90 Worotnicki and Denham (1976)
RM35-6 1 6 CSA mine, Cobar, NSW, Australia Siltstone, chloritic slate 245 8.4 2.10 Worotnicki and Denham (1976)
RM35-7 1 7 CSA mine, Cobar, NSW, Australia Siltstone, chloritic slate 633 13.7 2.00 Worotnicki and Denham (1976)
RM35-8 1 8 NBHC mine, Broken Hill, NSW, Australia Sillimanite gneiss 1022 6.2 1.66 Worotnicki and Denham (1976)
RM35-9 1 9 NBHC mine, Broken Hill, NSW, Australia Garnet quartzite 668 13.8 1.17 Worotnicki and Denham (1976)
RM35-10 1 10 NBHC mine, Broken Hill, NSW, Australia Garnet quartzite 668 4.8 2.73 Worotnicki and Denham (1976)
RM35-11 1 11 NBHC mine, Broken Hill, NSW, Australia Garnet quartzite 570 15.9 1.32 Worotnicki and Denham (1976)
RM35-12 1 12 ZC mine, Broken Hill, NSW, Australia Sillimanite gneiss 818 20 1.07 Worotnicki and Denham (1976)
RM35-13 1 13 ZC mine, Broken Hill, NSW, Australia Sillimanite gneiss 818 26.9 1.17 Worotnicki and Denham (1976)
RM35-14 1 14 NBHC mine, Broken Hill, NSW, Australia Sillimanite gneiss 915 13.1 1.29 Worotnicki and Denham (1976)
RM35-15 1 15 NBHC mine, Broken Hill, NSW, Australia Sillimanite gneiss 915 21.4 0.97 Worotnicki and Denham (1976)
RM35-16 1 16 NBHC mine, Broken Hill, NSW, Australia Sillimanite gneiss 766 9.7 1.85 Worotnicki and Denham (1976)
RM35-17 1 17 NBHC mine, Broken Hill, NSW, Australia Garnet quartzite 570 14.7 1.43 Worotnicki and Denham (1976)
RM35-18 1 18 NBHC mine, Broken Hill, NSW, Australia Garnet quartzite 570 12.7 2.09 Worotnicki and Denham (1976)
RM35-19 1 19 NBHC mine, Broken Hill, NSW, Australia Garnet quartzite 818 20.3 1.72 Worotnicki and Denham (1976)
RM35-20 1 20 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 670 13 2.40 Worotnicki and Denham (1976)
RM35-21 1 21 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 1277 19.2 1.60 Worotnicki and Denham (1976)
RM35-22 1 22 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 1140 6.9 2.40 Worotnicki and Denham (1976)
RM35-23 1 23 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 1094 25.5 0.82 Worotnicki and Denham (1976)
RM35-24 1 24 NBHC mine, Broken Hill, NSW, Australia Rhodonite 1094 15.9 1.81 Worotnicki and Denham (1976)
RM35-25 1 25 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 1094 18.6 1.62 Worotnicki and Denham (1976)
RM35-26 1 26 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 1094 26.9 1.34 Worotnicki and Denham (1976)
RM35-27 1 27 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 1140 29.7 1.43 Worotnicki and Denham (1976)
RM35-28 1 28 NBHC mine, Broken Hill, NSW, Australia Gneiss and quartzite 1423 24.2 1.51 Worotnicki and Denham (1976)
RM35-29 1 29 Mount Isa Mine, Qld., Australia Silica dolomite 664 19 0.83 Worotnicki and Denham (1976)
RM35-30 1 30 Mount Isa Mine, Qld., Australia Silica dolomite 1089 16.5 1.28 Worotnicki and Denham (1976)
RM35-31 1 31 Mount Isa Mine, Qld., Australia Dolomite and recrystallized shale 1025 28.5 0.87 Worotnicki and Denham (1976) and Brady et al (1976)
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RM35-32 1 32 Mount Isa Mine, Qld., Australia Shale 970 25.4 0.85 Worotnicki and Denham (1976)
RM35-33 1 33 Warrego Mine, tennant creek, NT, Australia Magnetite 245 7 2.40 Worotnicki and Denham (1976)
RM35-34 1 34 Warrego Mine, tennant creek, NT, Australia Chloritic slate, quartz 245 6.8 1.80 Worotnicki and Denham (1976)
RM35-35 1 35 Warrego Mine, tennant creek, NT, Australia Magnetite 322 11.5 1.30 Worotnicki and Denham (1976)
RM35-36 1 36 Kanmantoo, SA, Australia Black garnet mica schist 58 2.5 3.30 Worotnicki and Denham (1976)
RM35-37 1 37 Mount Charlotte mine, WA, Australia Dolerite 92 11.2 1.45 Worotnicki and Denham (1976)
RM35-38 1 38 Mount Charlotte mine, WA, Australia Greenstone 152 10.4 1.42 Worotnicki and Denham (1976)
RM35-39 1 39 Mount Charlotte mine, WA, Australia Greenstone 152 7.9 1.43 Worotnicki and Denham (1976)
RM35-40 1 40 Durkin mine, Kambalda, WA, Australia Serpentine 87 7.4 2.20 Worotnicki and Denham (1976)
RM35-41 1 41 Dolphin Mine, Kings Is, Tas., Australia Marble and skarn 75 1.8 1.80 Worotnicki and Denham (1976)
RM35-42 1 42 Poatina, Tas., Australia Mudstone 160 8.5 1.70 Worotnicki and Denham (1976) and Endersbee and Hofto (1963)
RM35-43 1 43 Cethana, Tas., Australia Quartzite conglomerate 90 14 1.35 Worotnicki and Denham (1976)
RM35-44 1 44 Gordon River, Tas., Australia Quartzite 200 11 2.10 Worotnicki and Denham (1976)
RM35-45 1 45 Mount Lyell, Tas., Australia Quartzite schist 105 11.3 2.95 Worotnicki and Denham (1976)
RM35-46 1 46 Windy Creek, Snowy Mts, NSW, Australia Diorite 300 12.4 1.07 Worotnicki and Denham (1976)
RM35-47 1 47 Tumut 1 Power Station, Snowy Mts, NSW, Australia Granite and gneiss 335 11 1.20 Worotnicki and Denham (1976)
RM35-48 1 48 Tumut 2 Power Station, Snowy Mts, NSW, Australia Granite and gneiss 215 18.4 1.20 Worotnicki and Denham (1976)
RM35-49 1 49 Eucumbene Tunnel, Snowy Mts, NSW, Australia Granite 365 9.5 2.60 Worotnicki and Denham (1976)
RM35-50 1 50 GW MacLeod Mine, Wawa, Ontario, Canada Siderite 370 16.1 1.29 Herget (1973)
RM35-51 1 51 GW MacLeod Mine, Wawa, Ontario, Canada Tuff 370 15.1 2.54 Herget (1973)
RM35-52 1 52 GW MacLeod Mine, Wawa, Ontario, Canada Tuff 575 21.5 1.23 Herget (1973)
RM35-53 1 53 GW MacLeod Mine, Wawa, Ontario, Canada Tuff 575 14.6 1.25 Herget (1973)
RM35-54 1 54 GW MacLeod Mine, Wawa, Ontario, Canada Meta-diorite 480 18.7 1.54 Herget (1973)
RM35-55 1 55 GW MacLeod Mine, Wawa, Ontario, Canada Chert 575 26.6 1.52 Herget (1973)
RM35-56 1 56 Wawa, Ontario, Canada Granite 345 20 2.50 Buchbinder et al (1966)
RM35-57 1 57 Elliot Lake Ontario, Canada Sandstone 310 11 2.56 Eisbacher and Bielenstein (1971)
RM35-58 1 58 Elliot Lake Ontario, Canada Quartzite 705 17.2 1.70 Eisbacher and Bielenstein (1971)
RM35-59 1 59 Elliot Lake Ontario, Canada Diabase dyke 400 17.2 1.90 Coates and Grant (1966)
RM35-60 1 60 Churchill Falls, Labrador, Canada Diorite gneiss 300 7.8 1.70 Benson et al (1970)
RM35-61 1 61 Portage Mountain, BC, Canada Sandstone and shale 137 6.8 1.42 Imrie and Jory (1968)
RM35-62 1 62 Mica Dam, BS, Canada Gneiss and quartzite 220 6.9 1.50 Imrie and Campbell (1976)
RM35-63 1 63 Rangeley, Colorado, US Sandstone 1910 43.5 1.04 Haimson (1973)
RM35-64 1 64 Nevada test site, US Tuff 380 7 0.90 Haimson et al (1974)
RM35-65 1 65 Fresno, California, US Granodiorite 300 8.2 0.91 Haimson (1977)
RM35-66 1 66 Bad creek, South carolina, US Gneiss 230 6.2 3.12 Haimson (1977)
RM35-67 1 67 Montello, Wisconsin, US Granite 136 3.5 3.29 Haimson (1978)
RM35-68 1 68 Alma, New York, US Sandstone 500 7.9 1.61 Haimson and Stahl (1969)
RM35-69 1 69 Falls Township, Ohio, US Sandstone 810 14.1 1.25 Haimson and Stahl (1969)
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RM35-70 1 70 Winnfield, Louisiana, US Salt 270 5.5 0.95 Obert (1962)
RM35-71 1 71 Barbeton, Ohio, US Limestone 830 240 1.94 Obert (1962)
RM35-72 1 72 Silver sumit mine, Osburn, Idaho, US Argillaceous quartzite 1670 56.7 1.26 Chan and Crocker (1971)
RM35-73 1 73 Star Mine, Burke, Idaho, US Quartzite, orebody 1720 37.9 0.60 Ageton (1967)
RM35-74 1 74 Crescent Mine, Idaho, US Quartzite 1620 40.3 1.17 Conway (1968)
RM35-75 1 75 Red Mountain, Colodaro, US Granite 625 18.1 0.56 Hooker et al (1972)
RM35-76 1 76 Henderson Mine, Colorado, US Granite 790 24.2 1.23 Hooker et al (1972)
RM35-77 1 77 Henderson Mine, Colorado, US Orebody 1130 29.6 0.98 Hooker et al (1972)
RM35-78 1 78 Piceance Basin, Colorado, US Oil shale 400 9.8 0.80 Bredehoff et al (1976)
RM35-79 1 79 Gratiot county, Michigan, US Dolomite 2806 63.1 0.78 Haimson (1978)
RM35-80 1 80 Bleikvassli Mine, N Norway, Scandinavia Gneiss and mica schist 200 6 1.92 Myrvang (1976)
RM35-81 1 81 Bleikvassli Mine, N Norway, Scandinavia Gneiss and mica schist 250 7 2.00 Myrvang (1976)
RM35-82 1 82 Bidjovagge Mine, N Norway, Scandinavia Pre-cambrian rock 70 2.8 4.64 Li (1970)
RM35-83 1 83 Bjornevann, N Norway, Scandinavia Gneiss 100 2.7 5.56 Myrvang (1976)
RM35-84 1 84 Sulitjelma, N Norway, Scandinavia Phyllite 850 10 0.99 Li (1970)
RM35-85 1 85 Sulitjelma, N Norway, Scandinavia Phyllite 900 11 0.55 Li (1970)
RM35-86 1 86 Stallberg, Sweden, Scandinavia Pre-cambrian rock 915 24.7 1.56 1,30
RM35-87 1 87 Vingesbacke, Sweden, Scandinavia Granite and amphibolite 400 10.8 4.99 Hast (1967)
RM35-88 1 88 Laisvall, Sweden, Scandinavia Granite 220 5.9 3.72 Hast (1967)
RM35-89 1 89 Malmberget, Sweden, Scandinavia Granite 500 13.4 2.41 Myrvang (1976)
RM35-90 1 90 Grangesberg, Sweden, Scandinavia Pre-cambrian rock 400 10.8 2.31 Li (1970)
RM35-91 1 91 Kiruna, Scandinavia Pre-cambrian rock 680 18.4 1.90 Li (1970)
RM35-92 1 92 Stalldalen, Sweden, Scandinavia Pre-cambrian rock 690 18.6 2.58 Hast (1967)
RM35-93 1 93 Stalldalen, Sweden, Scandinavia Pre-cambrian rock 900 24.3 2.02 Hast (1967)
RM35-94 1 94 Hofors, Sweden,  Scandinavia Pre-cambrian rock 470 12.7 2.74 Hast (1967)
RM35-95 1 95 Hofors, Sweden,  Scandinavia Pre-cambrian rock 650 17.6 2.25 Hast (1967)
RM35-96 1 96 Shabani Mine, Rhodesia, South Africa Dunite, serpentine 350 10.7 1.46 Denkhaus (1968)
RM35-97 1 97 Kafue Gorge, Zambia, South Africa Gneiss, amphibolite schist 160 7.5 1.57 Gay (1975)
RM35-98 1 98 Kafue Gorge, Zambia, South Africa Gneiss, amphibolite schist 400 12.5 1.60 Gay (1975)
RM35-99 1 99 Ruacana, SW Africa Granite gneiss 215 4 1.95 Van Heerden (1976)
RM35-100 1 100 Drakensberg, SA, South Africa Mudstone and sandstone 110 3 2.50 Van Heerden (1976)
RM35-101 1 101 Bracken Mine, Evander,SA, South Africa Quartzite 508 13.9 0.99 Gay (1975)
RM35-102 1 102 Winkelhaak Mine, Evander, SA, South Africa Quartzite 1226 38.4 0.82 Gay (1975)
RM35-103 1 103 Kinross Mine, Evander, SA, South Africa Quartzite 1577 49.5 0.64 Gay (1975)
RM35-104 1 104 Doornfontein Mine, Carletonville, SA, South Africa Quartzite 1320 39 0.48 Gay (1975)
RM35-105 1 105 Harmony Mine, Virginia, SA, South Africa Quartzite 1500 33.1 0.49 Gay (1975)
RM35-106 1 106 Durban Roodeport Deep Mine, South Africa Quartzite 2300 68.5 0.67 Gay (1975)
RM35-107 1 107 Durban Roodeport Deep Mine, South Africa Quartzite 2500 59 1.02 Gay (1975)
RM35-108 1 108 East Randmine, South Africa Quartzite and shale 2400 37.4 0.72 Gay (1975)
RM35-109 1 109 Prieska copper mine, Copperton, South Africa Quartz amphibolite schist 279 8.8 1.41 Gay (1977)
RM35-110 1 110 Prieska copper mine, Copperton, South Africa Quartz amphibolite schist 410 9.6 1.01 Gay (1977)
RM35-111 1 111 Western Deep Levels Mine, Carletonville, South Africa Quartzite 1770 45.6 0.63 Leeman (1968)
RM35-112 1 112 Doornfontein Mine, Carletonville, SA, South Africa Quartzite 2320 58.5 0.54 Gay (1975)
RM35-113 1 113 Dinorwic, N Wales, UK Slate 250 9 1.28 Douglas (1977)
RM35-114 1 114 Mont Blanc, France Gneiss-granite 1800 48.6 1.00 Hast (1973)
RM35-115 1 115 Idikki, South India Granite gneiss 360 8.3 1.96 Le Francois (1970)
RM35-116 1 116 Woh, Cameron Highlands, Malaysia Granite 296 10.6 1.03 Kluth (1964)
RM35-117 1 117 Reykjavik, Iceland Basalt breccia 203 5.4 0.96 Haimson (1978) and Haimson and Voight (1977)
RM35-118 1 118 Reykjavik, Iceland Basalt breccia 285 7.6 0.75 Haimson (1978) and Haimson and Voight (1977)
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RM35-119 1 119 Reykjavik, Iceland Basalt breccia 350 9.3 0.75 Haimson (1978) and Haimson and Voight (1977)
RM35-120 1 120 Reykjavik, Iceland Basalt breccia 375 10 0.64 Haimson (1978) and Haimson and Voight (1977)
RM36-1 2 1 Balaria, India Dolomite 96 5.60 8.20 19.30 Sheorey et al (2001)
RM36-2 2 2 Balaria, India Dolomite 315 11.80 20.40 19.30 Sheorey et al (2001)
RM36-3 2 3 Mochia, India Dolomite 500 21.45 28.60 42.00 Sheorey et al (2001)
RM36-4 2 4 Zawar Mala, India Dolomite 235 9.60 17.70 33.00 Sheorey et al (2001)
RM36-5 2 5 Rajpura Dariba , India Dolomite 277 15.20 27.00 35.00 Sheorey et al (2001)
RM36-6 2 6 Rajpura Dariba, India Dolomite 318 15.50 28.40 35.00 Sheorey et al (2001)
RM36-7 2 7 Narwapahar, India Schistose formation 104 4.40 7.40 27.30 Sheorey et al (2001)
RM36-8 2 8 Narwapahar, India Schistose formation 154 5.60 9.80 27.30 Sheorey et al (2001)
RM36-9 2 9 Ghatghar, India compact basalt 151 3.60 5.40 26.80 Sheorey et al (2001)
RM36-10 2 10 Ghatghar, India compact basalt 295 3.40 6.20 26.80 Sheorey et al (2001)
RM36-11 2 11 Koyna, India compact basalt 87 1.27 2.80 4.40 32.00 Sheorey et al (2001)
RM36-12 2 12 Koyna, India Amygdaloidal basalt 295 4.3 3.40 6.20 3.00 Sheorey et al (2001)
RM36-13 2 13 Khetri, India Quartzite 203 6.96 5.60 8.40 37.50 Sheorey et al (2001)
RM36-14 2 14 Khetri, India Quartzite 268 7.87 5.93 8.89 37.50 Sheorey et al (2001)
RM36-15 2 15 Khetri, India Quartzite 300 8.82 7.88 15.00 37.50 Sheorey et al (2001)
RM36-16 2 16 Kolihan, India Quartzite 364 10.7 7.70 12.65 22.10 Sheorey et al (2001)
RM36-17 2 17 Porascole, India Sandstone 135 4.46 5.21 15.50 Sheorey et al (2001)
RM36-18 2 18 Jhanjra, India Sandstone 110 4.68 5.84 10.20 Sheorey et al (2001)
RM36-19 2 19 Chinakuri, India Sandstone 255 7.15 8.94 10.40 Sheorey et al (2001)
RM37-1 1 RT2000 Penryn, UK Carnmenellis granite 7 0.2 6.00 14.10 Pine et al (1983)
RM37-2 1 CSD 1a Penryn, UK Carnmenellis granite 121 3.1 5.10 17.10 Pine et al (1983)
RM37-3 1 CSD 1b Penryn, UK Carnmenellis granite 130 3.4 5.80 17.30 Pine et al (1983)
RM37-4 1 RH6A Penryn, UK Carnmenellis granite 238 6.2 12.50 21.70 Pine et al (1983)
RM37-5 1 RT2007 Penryn, UK Carnmenellis granite 420 10.9 12.80 32.80 Pine et al (1983)
RM37-6 1 RT2006 Penryn, UK Carnmenellis granite 747 19.4 18.60 46.40 Pine et al (1983)
RM37-7 1 RT2017 Penryn, UK Carnmenellis granite 1073 27.9 16.50 41.50 Pine et al (1983)
RM37-8 1 RT2016 Penryn, UK Carnmenellis granite 1313 34.1 18.70 50.20 Pine et al (1983)
RM37-9 1 RT2015 Penryn, UK Carnmenellis granite 1513 39.3 18.90 51.40 Pine et al (1983)
RM37-10 1 RT2013 Penryn, UK Carnmenellis granite 1519 39.5 18.70 50.60 Pine et al (1983)
RM37-11 1 RT2011 Penryn, UK Carnmenellis granite 1864 48.5 23.90 57.90 Pine et al (1983)
RM37-12 1 RT2010 Penryn, UK Carnmenellis granite 1986 51.6 30.80 72.00 Pine et al (1983)
RM37-13 1 RT2009 Penryn, UK Carnmenellis granite 2000 52 30.60 73.70 Pine et al (1983)
RM38-1 1 1 Thorold, Ontario, Canada Dolomite 41.7 12.07 12.96 71.02 Palmer and Lo (1976)
RM38-2 1 5 Thorold, Ontario, Canada Dolomite 51 8.69 8.69 73.08 Palmer and Lo (1976)
RM38-3 1 5 Thorold, Ontario, Canada Dolomite 51 5.21 9.03 73.08 Palmer and Lo (1976)
RM38-4 1 7 Thorold, Ontario, Canada Dolomite 53.1 6.61 6.61 73.08 Palmer and Lo (1976)
RM38-5 1 7 Thorold, Ontario, Canada Dolomite 53.1 6.59 8.14 73.08 Palmer and Lo (1976)
RM38-6 1 8 Thorold, Ontario, Canada Dolomitic limestone 56.6 6.84 6.84 74.46 Palmer and Lo (1976)
RM38-7 1 8 Thorold, Ontario, Canada Dolomitic limestone 56.6 6.66 8.96 74.46 Palmer and Lo (1976)
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RM38-8 1 10 Thorold, Ontario, Canada Shaly limestone 60 11.03 14.69 42.75 Palmer and Lo (1976)
RM38-9 1 10 Thorold, Ontario, Canada Shaly limestone 61 11.17 14.69 42.75 Palmer and Lo (1976)
RM38-10 1 11 Thorold, Ontario, Canada Shaly limestone 61 11.17 14.69 42.75 Palmer and Lo (1976)
RM38-11 1 12 Thorold, Ontario, Canada Fossiliferous limestone 65 6.63 13.79 55.16 Palmer and Lo (1976)
RM38-12 1 13 Thorold, Ontario, Canada Fossiliferous limestone 65 6.63 13.79 55.16 Palmer and Lo (1976)
RM38-13 1 15 Thorold, Ontario, Canada Argillaceous limestone 81 6.83 10.48 55.16 Palmer and Lo (1976)
RM38-14 1 16 Thorold, Ontario, Canada Argillaceous limestone 81 6.83 10.48 55.16 Palmer and Lo (1976)
RM39-1 4 Samrangjin, Korea 150 5.2 4.89 0.94 Lim and Lee (1986)
RM39-2 4 2nd Yeonhwa 200 5.63 7.52 1.34 Lim and Lee (1986)
RM39-3 4 Sang Dong (1) 285 7.19 6.53 0.91 Lim and Lee (1986)
RM39-4 4 Sang Dong (2) 594 15.28 13.78 0.90 Lim and Lee (1986)
RM39-5 4 Kangweon 802 25.9 36.98 1.43 Lim and Lee (1986)
RM40-1 1 URL Canadian Shield Lac Du Bonnet granite 21.85 2.50 6.27 44.00 Lang et al (1986)
RM40-2 1 URL Canadian Shield Lac Du Bonnet granite 69.23 2.35 4.13 47.80 Lang et al (1986)
RM40-3 1 URL Canadian Shield Lac Du Bonnet granite 141.28 4.45 9.46 60.00 Lang et al (1986)
RM40-4 1 URL Canadian Shield Lac Du Bonnet granite 190.38 3.16 16.73 53.50 Lang et al (1986)
RM40-5 1 URL Canadian Shield Lac Du Bonnet granite 221.97 16.07 3.16 51.00 Lang et al (1986)
RM40-6 1 URL Canadian Shield Lac Du Bonnet granite 243.35 24.03 29.98 48.50 Lang et al (1986)
RM41-1 1 6 Japan Mudstone 70 1.17 1.09 1.16 0.99 0.80 Kanagawa et al (1986)
RM41-2 1 7 Japan Green schist 30 0.71 0.53 0.77 1.08 5.00 Kanagawa et al (1986)
RM41-3 1 14 Japan Conglomerate 22 0.55 0.71 0.92 1.67 2.60 Kanagawa et al (1986)
RM41-4 1 15 Japan Quartz diorite 15 2.8 2.60 7.40 2.64 Kanagawa et al (1986)
RM41-5 1 17 Japan Mudstone 30 0.55 0.45 0.49 0.89 1.20 Kanagawa et al (1986)
RM41-6 1 18 Japan Granite 71 4.2 4.50 5.50 1.31 12.00 Kanagawa et al (1986)
RM42-1 2 w2-4 Waterloo, Wisconsin, US Quartzite 2 0 1.40 2.40 Haimson (1980)
RM42-2 2 w2-3 Waterloo, Wisconsin, US Quartzite 7 0.2 1.00 1.40 7.00 Haimson (1980)
RM42-3 2 w1-1 Waterloo, Wisconsin, US Quartzite 17 0.4 1.50 2.80 7.00 Haimson (1980)
RM42-4 2 w2-15 Waterloo, Wisconsin, US Quartzite 32 0.8 3.30 3.50 4.38 Haimson (1980)
RM42-5 2 w2-14 Waterloo, Wisconsin, US Quartzite 35 0.9 5.20 8.70 9.67 Haimson (1980)
RM42-6 2 w2-7 Waterloo, Wisconsin, US Quartzite 48 1.2 5.70 9.60 8.00 Haimson (1980)
RM42-7 2 w2-13 Waterloo, Wisconsin, US Quartzite 51 1.3 6.20 9.80 7.54 Haimson (1980)
RM42-8 2 w2-11 Waterloo, Wisconsin, US Quartzite 57 1.5 5.70 10.20 6.80 Haimson (1980)
RM42-9 2 w2-9 Waterloo, Wisconsin, US Quartzite 65 1.7 7.10 13.20 7.76 Haimson (1980)
RM42-10 2 w2-6 Waterloo, Wisconsin, US Quartzite 67 1.7 5.50 9.30 5.47 Haimson (1980)
RM42-11 2 w2-5 Waterloo, Wisconsin, US Quartzite 74 1.9 6.20 10.30 5.42 Haimson (1980)
RM42-12 2 w1-5 Waterloo, Wisconsin, US Quartzite 163 4.2 6.20 9.40 2.24 Haimson (1980)
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CODES FOR MAXIMUM LIKELIHOOD METHOD 
 
 













%% Initial Points 
  
tic 
data   = dlmread('Data.txt'); 
fs     = data(:,1:2); 
hx     = data(:,3:end); 
% hx(:,[1 3:6 8:end]) = []; 
  
  
npar   = size(hx,2)+1; 
par0   = [0*ones(npar-1,1);1.0]; 
LB     = [-Inf(npar-1,1);0.1^5]; 
option = optimset('MaxFunEvals',Inf,'MaxIter',Inf,'Algorithm','interior-
point'); 
f      = @(param)llhood(param,fs,hx); 
  
%% Find the minimum of likelihood function 
  
[param,fval,~,~,~,~,hessian] = fmincon(f,par0,[],[],[],[],LB,[],[],option); 
  
% X      = hx; 
% Y      = fs(:,1)-fs(:,2); 
% Theta  = (X'*X)\X'*Y 
        
save MLE_results param fval hessian 
  
% Compute the mean vector and the covariance matrix of unknown parameters 
M     = param;   
Sigma = inv(hessian); 
  
% theta   = param(1:(end-1)); 
% gamma   = hx*theta;  
% sigma   = param(end); 





%% Display some selected quantities 
  
disp('========== Maximum Likelihood Estimates ==========') 
disp('--- MLE estimates ---') 
disp(M) 
  
SD  = sqrt(diag(Sigma)); 
CoV = SD./abs(M); 
  




Table E1 Cont. Maximum likelihood method 
 
 
disp('--- Coefficients of Variation ---') 
disp(CoV) 
  
rho = zeros (length(M)); 
  
for i = 1:length(M) 
    for j = 1:length(M) 
        rho(i,j) = Sigma(i,j)/(SD(i)*SD(j)); 
    end 
end 
  

























A Area. This notation is interchangeably used throughout the thesis to represent the 
total joint contact area or cross-sectional area of the drilled shaft 
ASD  Allowable Stress Design 




B  Drilled shaft or rock socket diameter 
Bref  1.0 m 
 
C 
c'm Cohesion intercept of Mohr-Coulomb failure envelop for rock mass in terms of 
effective stress at failure 
c  Vibration parameter 
ch  Coefficient of consolidation when flow is in the horizontal direction 
cv  Coefficient of consolidation when flow is in the vertical direction 
C1  Size coefficient for formwork 
C2  Concrete mixture coefficient 
C (x, Θ) A univariate model with a set of parameters, Θ, introduced to fit the model to the 
observed data 
ĉ(x)   Biased deterministic model 
C'c  Secant compression index 
  
                                                




DL  Dead load 
D  Depth of embedment 
DTOR  Depth of embedment from top of rock formation 
DGS  Depth of embedment from the ground surface 
Dimm  Immersed depth of vibratory equipment used in concrete placement 
Ddist  Rock disturbance factor 
Dfrac  Fractal dimension 
d  Depth factor 
dc  Depth factor 
dq  Depth factor 
dγ  Depth factor 




Em Modulus of deformation of rock mass back-calculated from the instrumented 
drilled shaft or plate load tests 
Ec  Modulus of elasticity of concrete 
Ei  Modulus of deformation of intact rock 
eo  Initial void ratio 




fs (mob) Mobilized shear stress on shear surface for side resistance 
fsp  Peak shear stress for side resistance 
fsu  Ultimate shear stress for side resistance 
fp  Plastic shear stress for side resistance 
fe  Elastic shear stress for side resistance 
f’c  Compressive strength of concrete 
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fλ (λ)  Probability distribution function for bias 
FORM  First-order reliability method 
FS  Factor of safety 
fs1  Shear stress corresponding to L1 displacement in Hirany’s method 




Gm  Shear modulus of rock mass 
GSI  Geological Strength Index 
Gs  Specific gravity of soil 
g  Limit state function 




h  Average asperity height 
hj  Height of the jth asperity 
HP  Horse power of vibratory equipment 
hi (x)  ith explanatory function 
Ho  Thickness of the consolidating layer 
hc  Head of concrete 




IB  Brittleness index 
Is  Point load strength 
Is(54)  Point load strength of a rock core with diameter of 54 mm 
i  Average asperity angle 
Io  Influence factor for increase in effective vertical pressure due to applied load 
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J  Correction factor for horizontal discontinuity spacing 
JRC  Joint roughness coefficient 




Ksp  Empirical tip bearing factor 
Kst  Incremental joint shear stiffness 
Kn  Normal stiffness for the tip or side of the drilled shafts in rock 
K  Earth pressure coefficient 
K (mob) Mobilized earth pressure coefficient 
Ko  Coefficient of earth pressure at rest 
Kp  Coefficient of passive earth pressure 
kv  Coefficient of permeability in the vertical direction 




lt  Total travel distance along the socket wall 
L  Shaft segment length 
Ln  Joint length in field 
Lo  Joint length in the laboratory 
l  Cord length for rock socket asperities 
L (θ, y) Likelihood function 





m  Hoek-Brown material constant 
MR  Modulus reduction ratio 
mi  Material constant 
Mi  Measured resistance 




Nc  Bearing capacity factor 
Nq  Bearing capacity factor 
Nγ  Bearing capacity factor 
Nφ  Flow value = tan2(45! + φ 'm / 2)  
NSPT Blow counts corresponding to the last 12 inches (304.8 mm) of penetration in 
Standard Penetration Test 








Pa  Atmospheric pressure (= 0.101 MPa) 
Pi  Predicted resistance 
P (θ)  Prior distribution 
P (θ|y)  Updated knowledge about θ 
Pf  Probability of failure 





Q  Axial drilled shaft load 
Qtos  Top of shaft load 
Qi  ith component of axial load 
Qf  Tip load at initiation of new cracks 
Qt  Load at the top of layer 
Qb  Load at the bottom of layer 
q  Tip pressure or tip resistance for rock sockets 
qu  Unconfined compressive strength of intact rock 
qall  Allowable tip pressure 
qp  Plastic tip pressure 
qe  Elastic tip pressure 
qf  Fracture initiation pressure in rock for drilled shaft tip 
qy  Yield pressure of the rock mass at the tip of drilled shaft 
qe-j  Tip pressure corresponding to the elastic line 




R  Drilled shaft total axial resistance (load) 
Rs  Total side resistance (load) 
Rt  Total tip resistance (load) 
RF  Roughness factor 
r  Drilled shaft or rock socket radius 
RQD  Rock Quality Designation 
rm Radius measured from the vertical axis of the drilled shaft to the plane where soil 
shear stress induced by load will approach zero 
Rf Fitting ratio or the parameter used in hyperbolic stress strain equation 
RMR Rock mass rating 
RC Rate of concrete placement 




SRC  Shaft resistance coefficient 
s  Hoek-Brown material constant 
S  Spacing of discontinuities in rock mass 
sc  Shape factor 
sq  Shape factor 
sγ  Shape factor 
Sr  Saturation ratio 
su  Undrained shear strength 




To  Tensile strength of rock mass 
Temp  Temperature 
Tv  Time factor for one-dimensional consolidation in vertical direction 
Tr  Time factor for radial consolidation 
t  Used interchangeably for time and shear stress 




u*  Design point 




Vio  Initial volume of affected rock mass 





w  In-situ water content of soft rock 





z  Drilled shaft vertical movement 
zu Vertical displacement at the onset of mobilization of ultimate shear stress, fsu for 
the side resistance 
zp Vertical displacement at the onset of mobilization of peak shear stress, fsp for the 
side resistance 
zf  Displacement at fracture initiation pressure for tip resistance 
zy  Displacement at yielding of the rock for tip resistance 
zpp  Post-peak displacement for side resistance 
ztol  Tolerable axial displacement 
zact  Calculated (actual) axial displacement 
ztos  Vertical displacement of top of shaft 





αs  Shear area ratio 
βT  Target reliability index 
γ  Total unit weight of soil or rock 
γc  Unit weight of concrete 
γw  Unit weight of water 
γ (x, θ) Correction term for bias inherent in deterministic model that is expressed in terms 
of variables x and parameters θ  
γi  LRFD load factor for ith axial load effect 
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γDL  LRFD load factor for dead loads 
γLL  LRFD load factor for live loads 
Γ Yield function 
δn  Dilatation of shear surface due to interface roughness characteristics 
δλ Coefficient of variation (c.o.v.) of bias for resistance 
δDL Coefficient of variation (c.o.v.) of dead load 
δLL Coefficient of variation (c.o.v.) of live load 
δR  Coefficient of variation (c.o.v.) of resistance (side or tip resistance) 
Δx  Increment of horizontal stress 
Δz  Increment of vertical displacement 
Δfs  Change in the shear stress for side resistance 
Δe  Change in void ratio 
Δq  Change in tip pressure 
ΔLe  Elastic compression of the drilled shaft 
Δσnp  Change in normal stress on shear surface when fsp is mobilized 
εv Vertical strain 
ε  Normal random variable with standard normal distribution 
 η  Construction method reduction factor 
 ηembed  Correction factor for depth of embedment 
Θ = (θ, σ) Set of unknown model parameters 
κ = κ (y) Normalizing factor that ensures posterior distribution integrates to unity 
λ  Bias factor (ratio of measured to predicted resistance, m/p) 
λR  Bias factor for resistance 
λDL  Bias factor for dead load 
λLL  Bias factor for live load 
Λdiscont  Frequency of discontinuities in the rock mass 
µλ  Mean of bias 
µJ  Coefficient of friction of rock joints 
ν  Poisson’s ratio 
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ξ  Slenderness factor 
σ'n  Effective normal stress on the shear surface 
σ'ni  Initial effective normal stress on the shear surface 
σH  Total horizontal earth pressure 
σV  Total vertical pressure 
σh  Standard deviation of the roughness height for rock socket sides 
σi  Standard deviation of the roughness angle for rock socket sides 
σloss Percentage loss in normal stress acting on the shear surface developed in the side 
of the rock socket 
σ'nu Effective normal stress acting on the shear surface on the side of the rock socket 
at ultimate condition 
σ'np Effective normal stress acting on the shear surface on the side of the rock socket 
at the onset of mobilization of peak shear stress 
σ2λ Variance of bias 
σλ Standard deviation of bias 
σε Model error 
σ'1 Major principle stress 
σ'3 Minor principle stress 
σ'vo Initial effective overburden pressure 
σ'p Preconsolidation pressure 
τ Shear stress on rock joints or rock/concrete interfaces. This shear stress in 
represented by t in the drilled shaft literature 
φ'int  Drained interface friction angle, typically between drilled shaft concrete/rock 
φ'r  Drained residual friction angle 
φ'µ  Drained internal friction angle of rock minerals 
φ'f  Drained friction angle when shearing occurs along irregularities of different angle 
φ'm  Drained friction angle of rock mass 
φ'sr  Friction angle of synthetic rock 
φ  Resistance factor 
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φs  Resistance factor for side resistance 
φt  Resistance factor for tip resistance 
Φ Cumulative distribution function 




| . | Determinant function 
∇ ( . ) Gradient function 
Exp ( . ) Exponential function 
Ln ( . ) Natural logarithm 
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